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Abstract
Sensorless control of an ironless permanent magnet synchronous
machine with automatic machine modelling
A. Treurnicht
Thesis: MEng (Elect)
March 2017
This project investigates the sensorless control of a new generation ironless non-salient
pole permanent-magnet synchronous machine (IDRFPMSM) for wind-turbine genera-
tor and electric-vehicle applications. Due to the nature of the ironless non-salient pole
permanent-magnet synchronous machine, BEMF sensorless rotor position estimation
techniques is mandatory. BEMF position-estimation techniques cannot be used at ro-
tor standstill and low rotational speeds. In applications where efficiency is critical at low
speed, a magnetic stray-field position sensor was implemented to provide the rotor posi-
tion below the minimum estimator speed, by measuring the magnetic stray-fields behind
the Halbach permanent-magnet array. To provide the sensorless position estimator and
the control system with accurate machine parameters, an open-loop parameter estimation
technique is introduced for estimating all five machine parameters at system power-on.
This is augmented during closed-loop operation by updating the parameters with an on-
line parameter estimator. A demonstrator was built to show that the combination of all
of the closed-loop elements can be integrated with the IDRFPMSM machine. The results
also show that the IDRFPMSM can be used in both sensorless generator and sensorless
motor applications.
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Uittreksel
Sensorlose beheer van ’n ysterlose
permanentemagneet-sinchroonmasjien met outomatiese parameter
afskatting
( Sensorless control of an ironless permanent magnet synchronous machine with automatic
machine modelling)
A. Treurnicht
Tesis: MIng (Elekt)
Maart 2017
Hierdie projek ondersoek die sensorlose beheer van ’n nuwe geslag ysterlose permanentemagneet-
sinchroonmasjien met ’n ongesplete pool vir gebruik by windopwekkers en elektriese voer-
tuie. As gevolg van die eienskappe van hierdie ysterlose ongespletepoolmasjien kan net
tru-EMK-metodes gebruik word om die rotorposisie sensorloos te bepaal. Hierdie tru-
EMK-metodes kan nie die rotorposisie by rotorstilstand en lae rotasiespoed akkuraat
afskat nie. By toepassings waar effektiwiteit by lae spoed baie belangrik is, is ’n rotorpo-
sisiesensor by lae spoed gebruik wat die rotorposisie afskat deur die magnetiese spreivelde
agter die Halbach- permanentemagneetstruktuur te ontleed. Die beheerstelsel en die posi-
sieafskatter vereis akkurate stelselparameters. ’n Ooplusparameteridentifikasiealgoritme
is gebruik om al vyf stelselparameters af te skat sodra die stelsel aangeskakel word. ’n
Geslotelusparameterafskatter verfyn dan die parameters verder. ’n Demonstrasiemodel is
ontwikkel om die gesloteluskombinasie van al die elemente te demonstreer. Die gedoku-
menteerde resultate bewys dat hierdie masjien saam met die stelselelemente in sensorlose
motor sowel as opwekkertoepassings gebruik kan word.
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Chapter 1
Introduction
1.1 Introduction
For decades synchronous machines had been extensively used in grid-tied applications.
The high efficiency of synchronous machines made it popular for both generator and motor
applications. Later on the rotor field-windings were replaced with permanent magnets.
Permanent-magnet synchronous machines (PMSM) have the same high efficiency than
conventional synchronous machines, but with less maintenance due to the removal of the
field winding slip rings. Recent advances in electronic commutation allowed the use of
PMSM in a wide variety of applications from rotor stand-still over the entire range of
operation of the machine.
1.2 Problem statement
This project investigates the sensorless control of a new generation ironless non-salient
pole permanent-magnet synchronous machine for electric vehicle and wind-turbine appli-
cations. The stator field has to be kept perpendicular to the rotor at all times to achieve
maximum driving efficiency. This requires accurate rotor-position measurements.
Different sensorless rotor-position estimation techniques and control topologies are inves-
tigated. As the machine investigated in this project is ironless, only back-electromotive
force (BEMF) estimation techniques can be used. BEMF estimation techniques are only
effective when a measurable BEMF signal, requiring sufficient rotor speed, is available.
BEMF rotor-position estimation techniques are ideal for wind-turbine application as wind
turbines are always used above a minimum speed range. Electric vehicle application re-
quires accurate rotor-position measurements from standstill over the full range of oper-
1
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ation. As BEMF rotor-position estimation techniques cannot be used in the low-speed
range, and no other sensorless-position estimation methods could be used with this ma-
chine, a position sensor needs to be implemented in the low-speed range should efficiency
at low speed be a constricting factor. In industrial applications shaft-mounted position
sensors are extensively used to measure rotor position when control around zero speed
is required. The mechanical construction of some out-runner machines makes the use of
shaft-mounted sensors particularly difficult.
1.3 Project overview
Chapter 2 presents a new type of rotor-position sensor which uses the magnetic stray fields
on the outside of a Halbach permanent-magnet rotor array to calculate rotor position.
Two measurement tracks at different distances behind the Halbach permanent-magnet
array are identified and analysed through simulation. The advantages and drawbacks of
both measurement locations are discussed and the simulated results are supported by
measured results.
Sensorless-position estimation techniques require accurate machine parameters to esti-
mate rotor position. The parameters of the ironless machine used in this project were
originally unknown. The parameters of many machines are also not specified by machine
manufacturers. There are many parameter-estimation techniques available in the litera-
ture for estimating one or two unknown parameters at a time. None of these methods
can identify the complete model of an entirely unknown machine during open-loop op-
eration. Chapter 3 presents an open-loop parameter estimation method used to identify
the machine parameters at initial start-up. A closed-loop parameter estimation method
is then used to update the machine model to its changing environment.
Chapter 4 discusses the two inverter versions that were developed during this project.
The first inverter version was developed to show proof of concept and identify errors. In
the second inverter version noise and ringing problems were eliminated. Good compo-
nent choices and clever circuit design enabled fast switching times with minimal ringing
overshoot and as a result a maximum inverter efficiency of 98.77 %.
Chapter 5 discusses the system integration and presents the closed-loop measurement
results followed by a conclusion in Chapter 6.
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1.4 Theoretical Background
Different driving topologies and sensorless rotor-position estimation techniques exist. All
of these have different application specific advantages and drawbacks.
PMSM can be divided into brushless-AC (BLAC) and brushless-DC (BLDC) machines
[1]. BLAC machines have sinusoidal BEMF waveforms, whereas BLDC machines have
trapezoidal BEMF waveforms. When driving a PMSM, the highest efficiency is achieved
by ensuring the stator-field lead or stator-field lags the rotor field by 90◦ electrical in a
motor or generator application respectively [2].
One method used to control the angle of the stator magnetic field of a BLAC machine is
vector control. With vector control, the voltages applied to the three motor terminals are
pulse-width modulated in such a way as to create a smooth rotating stator-flux (space)
vector, hence also referred to as Space Vector PWM. This allows the stator field to be
kept perpendicular to the rotor, thereby ensuring maximum inverter efficiency.
Another method implemented in controlling the stator magnetic flux vector of BLDC
machines is trapezoidal control. In trapezoidal control the machine is driven by only
two of its three terminals, leaving the third terminal floating. The stator-flux vector can
therefore be in only one of six possible electrical angle locations, 60◦ electrical apart.
This therefore means that the angle between stator flux vector and the rotor alternates
between 60◦ and 120◦ electrical, depending on rotor position. As a result the driving
efficiency of trapezoidal control is lower than that of vector control. Trapezoidal control
is particularly popular in applications with limited microcontroller processing capability.
All of these methods require knowledge of rotor position. Rotor position is generally
measured with shaft-mounted rotary position sensors. The mechanical construction and
application of some machines prevent shaft-mounted sensors from being used, e.g. in out-
runner motors. Over the years many sensorless rotor-position measurement techniques
have been developed, all having their own limitations and drawbacks. Eliminating rotor-
position sensors has the advantage of increasing the robustness and reliability of the
machine application and decreasing cost.
Sensorless rotor-position estimation techniques can be categorised under system-state-
estimator techniques, BEMF-techniques and invasive techniques (inductance variation
technique and core hysteresis technique) [3].
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1.4.1 Rotor-position estimation techniques used with vector control
One of the established methods of sensorless vector control uses a system-state-estimator
to calculate the BEMF voltage with the help of an accurate machine model. Qiu et al. [4]
implemented an extended Kalman filter estimator to determine rotor position. According
to Qiu, one of the drawbacks of this method is that, especially in industrial applications,
a detailed machine model is not always available.
Kim et al. [5] formulated a method to sensorlessly calculate the rotor position by ex-
tracting the permanent-magnet rotor flux linkage from an accurate machine model. The
applied terminal voltages and measured phase currents were used to determine the sys-
tem state. This method is not BEMF dependent, and therefore enabled Kim to measure
the rotor position at very low speeds. Kim explained that conventional sensorless rotor-
position methods are limited to a specific speed range and most sensorless methods are
only usable at speeds greater that 10 % of the rated speed of the machine. The method
Kim presented can be implemented at speeds from 1.5 % of the rated speed to high speeds.
However, it should be noted that this method also requires an accurate machine model.
1.4.2 BEMF rotor-position estimation techniques with trapezoidal
control
When controlling BLDC machines, sensorless trapezoidal control is an attractive way to
reduce cost and increase reliability. In trapezoidal control the machine is driven between
two of its three phase terminals leaving the third phase terminal floating, as shown in
Figure 1.1.
PMSM
Vmachine-
Vmachine+
To ADC
Figure 1.1: Trapezoidal-control wiring diagram
As there is no current flowing in this floating third phase, the voltage drop between the
neutral point and the floating phase terminal is purely the induced BEMF of the spinning
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rotor. The BEMF measured at any floating phase terminal is dependent on the phase
shift related to that phase terminal, the rotor position and rotor speed [6]. It is therefore
possible to extract the rotor position and speed information from the induced BEMF.
These BEMF rotor-position measurement techniques can be categorised under BEMF
zero-crossing detection, BEMF integration, stator third-harmonic component analysis
and free-wheeling diode-conduction detection [6].
With BEMF zero-crossing detection the voltage on the unexcited phase is frequently
checked for a zero-crossing point where the BEMF on that phase transitions from pos-
itive to negative or vice versa [6]. The BEMF on the unexcited phase is calculated
by subtracting the neutral-point voltage from the unexcited terminal voltage. Voltage
spikes can occur due to commutation or free-wheeling diode conduction leading to false
zero-crossing measurements [7]. Measurement timing with this method is therefore quite
critical.
Damodharan et al. [7] proposed a method of detecting the BEMF zero crossings from the
line-to-line terminal voltages. Damodharan explained that the advantage of this method
is that it eliminates the need for a neutral or virtual neutral point. This elegant method
uses the flat BEMF property of BLDC machines to extract a scaled and inverted version
of the undriven phase BEMF from the line-to-line terminal voltages.
Darba et al. [6] presented a method of detecting rotor position by using the BEMF
amplitude instead of the zero crossings. Darba concluded that this method provided
better performance during transients and more accurate commutation at high rotational
speeds. Darba did however not specify the performance results of this method at low
rotational speeds.
1.4.3 Invasive techniques
There are two types of invasive techniques that can both be used to detect rotor position
at standstill [3]. The first technique uses the rotor-position dependency of the induc-
tance of a salient-pole PMSM to determine rotor position. The second method analysis
the rotor-position dependent change in phase self-inductance caused by B-H stator iron
characteristics
Mizutani et al. [8] developed an algorithm that uses the inductance of a salient-pole
PMSM to measure rotor position. The phase inductance was measured by injecting
periodic current pulses. Since the inductance of a salient-pole machine is rotor-position
dependent, the rotor position can be calculated from the measured phase inductance.
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Mizutani explained that BEMF measurement techniques do not work well in the low
speed range since developed BEMF is speed dependent. Inductance methods work well
in the low-speed range and at standstill, but do not work well in the high-speed range
due to the magnitude of the developed BEMF voltage.
Scaglione et al. [9] introduced a method called first-pulse technique. Scaglione explained
that the phase self-inductance and phase resistance of a non-salient PMSM is also rotor-
position dependent due to the B-H stator iron characteristics. These rotor-position de-
pendent variations are quite small. The phase self-inductance magnitude was measured
by using pulse injection.
It should be noted that both of these invasive techniques require knowledge of the machine
model to work correctly and that these methods can only be used in a limited speed range
[8], [9]. Unfortunately, because the machine under investigation is a non-salient, ironless
machine, none of these techniques are applicable due to the lack of saliency and absence
of any iron in the stator or rotor of the machine.
The one thing the various sensorless control or regulation methods used have in common
is that they all require an accurate mathematical machine model.
1.4.4 Comparison between BLAC and BLDC machines
Miyamasu et al. [1] conducted a study in which the efficiency of a BLAC and a BLDC
machine was evaluated. In this study vector control (BLAC-drive) and trapezoidal control
(BLDC-drive) were used to drive both BLAC and BLDC machines. In the test where the
BLAC machine was driven by trapezoidal control, the efficiency is about up to 1.7 % lower
than the test where the BLAC machine was driven by vector control. The case study in
[1] therefore proves that a BLAC machine can be driven with trapezoidal control but will
result in a reduced efficiency.
1.5 Thesis outline
Chapter 2 introduces a sensor which uses the magnetic stray field behind the Hal-
bach permanent-magnet array to calculate rotor position. In Chapter 3 the parameter-
estimation technique is discussed that identifies the machine parameters before closed-
loop sensorless operation can be implemented. Chapter 4 presents the inverter developed
to drive the machine. The closed-loop system implementation is discussed in Chapter 5.
The closed-loop system results are then discussed in Chapter 6 and a conclusion is drawn
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in Chapter 7.
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Chapter 2
Rotor-position measurement with
Magnetic Stray Fields
2.1 Introduction
Vector control of synchronous machines requires accurate rotor-position measurements.
In commercial applications, rotor position is generally measured with shaft-mounted posi-
tion sensors such as Hall sensors. Due to the mechanical construction of some machines,
shaft-mounted sensors cannot always be used. This chapter introduces an alternative
technique that uses the magnetic stray fields behind a Halbach permanent magnet ar-
ray to determine rotor position. This technique has been implemented on commercial
permanent magnet synchronous machines in the past (machines with radial and parallel-
magnetised rotor arrays). This is, however, the first time that this technique is imple-
mented on a machine with a Halbach permanent magnet array.
2.2 Chapter outline
The literature study section in 2.3 discusses research related to magnetic stray-field
position estimation and distinguishes between different magnet arrays. The magnetic
stray fields surrounding a double-rotor Halbach permanent magnet array are investigated
through simulation in 2.4. The optimal sensor placement positions are discussed. Dif-
ferent measurement techniques and hardware implementations are introduced in 2.5 and
2.6. Lastly the measured results are compared with the simulated results in 2.7 and a
conclusion is drawn in 2.8.
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2.3 Literature related to Magnetic Stray Field
rotor-position measurement
2.3.1 Background
Permanent magnet synchronous machines (PMSM) became very popular due to their high
efficiency, high-power density, etc. [10]. Vector control requires an accurate knowledge
of rotor position [11]. In most commercial systems, rotor position is measured using
shaft-mounted rotary position sensors e.g. Hall sensors. The mechanical construction of
some of these machines prohibits the placement of shaft-mounted position sensors. To
overcome this problem, an alternative approach was therefore studied to measure the
rotor angle by analysing the magnetic stray field behind the permanent magnet rotor
array.
Kim et al. [11] used two linear Hall sensors to measure the rotor permanent magnet
edge field of a BLAC PMSM in the axial direction. The measured edge fields were used
to estimate the position of the rotor. Kim mentioned the presence of a third harmonic
non-linearity component but could not explain its cause. An algorithm was, however,
developed to correct the measurement error. This method produced good measurement
accuracy.
Sergeant et al. [12] used three digital Hall sensors to measure the magnetic stray fields
at specific locations on the outside of an out-runner BLDC PMSM. Due to the radial
magnetisation of the rotor’s permanent magnet array, the magnetic stray fields on the
outside of the rotor can be used to generate an angle-dependant pulse train similar to
that generated by conventional axle-mounted Hall sensors. Sergeant claimed that good
results were recorded with three sensors placed at a 3 mm distance behind the outer shell
of the rotor. It was noted that the stator current caused a measurable phase shift that is
directly proportional to the current magnitude.
2.3.2 Rotor magnet magnetisation
Most commercially manufactured PMSM make use of radial or parallel magnetised rotor
magnet arrays for BLDC and BLAC machines respectively [13]. Kim et al. [11] conducted
his study on a BLAC machine with a parallel-magnetised magnet array whereas Sergeant
et al. [12] conducted his study on a BLDC machine with a radial-magnetised permanent
magnet array. The difference between the radial or parallel-magnetised magnets is shown
in Figure 2.1 where vector n indicates the normal direction to the surface and M indicates
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the magnetisation vector [13]. The radial magnetisation is along the radius while parallel
magnetisation is parallel to the edge of the magnet [13].
Figure 2.1: Magnetisation of magnets: (a) Radial magnetisation and (b) parallel magnetisation
[13]
Figure 2.2 shows a top-view diagram of a radial magnet array in air and its field lines
[13]. Please note the polarisation direction of the magnets in the array.
Figure 2.2: Radial magnet array in air [13]
The difference in air-gap flux density versus rotor position of these two topologies is
shown in a FEM simulation performed by [13] in Figure 2.3. As shown in Figure 2.3, the
radial-magnetised array produces a rectangular air-gap flux density distribution, whereas
the parallel-magnetised array produces a sinusoidal air-gap flux density distribution [13].
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Figure 2.3: Air-gap flux density distribution versus rotor position of: (a) radial-magnetised
PMSM and (b) parallel-magnetised PMSM [13]
The downside of these topologies is that a magnet-backplate and\or iron yoke needs to be
added to shorten the flux path through air. These iron structures in turn cause cogging
torque, core losses and additional weight.
The Halbach permanent magnet array is constructed by combining a radial and an az-
imuthal magnet array in the structure presented in Figure 2.4 [13]. As shown in Figure
2.4, most of the flux lines are on one side of the magnet array, therefore no iron back-plate
is needed. Please note the magnet directions in the Halbach array in Figure 2.4.
Figure 2.5 shows the air-gap flux density distribution versus rotor position of an inside-
Halbach permanent magnet array machine [13]. As shown in Figure 2.5, the air-gap flux
density distribution is sinusoidal.
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Figure 2.4: Flux lines of a seven-element Halbach permanent magnet array [13]
Figure 2.5: Inside-Halbach permanent magnet array machine’s air-gap flux density distribution
versus rotor position [13]
2.4 Method of implementing Magnetic Stray Field Rotor
Position Sensor
2.4.1 The double-rotor radial flux permanent magnet synchronous
machine
Between 2013 and 2015, three ironless double-rotor radial flux permanent magnet syn-
chronous machines (IDRFPMSM), one with aluminium body and two with carbon fibre
bodies were developed by the University of Stellenbosch as shown in [14] and [15]. Figure
2.6 shows a picture of the third IDRFPMSM. The outside rotor of the second IDRFPMSM
edition is also used in this study due to its thinner magnet mounting wall.
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Figure 2.6: IDRFPM synchronous machine
The mechanical construction of these machines prevents commercial absolute-position
sensors from being mounted on their rotor shafts. A custom sensor is therefore developed
to measure rotor position. These machines have no iron structure. The magnetic flux
rather flows through the Halbach permanent magnet array. Since the carbon fibre is
non-magnetic, the magnetic stray field behind the Halbach permanent magnet array is
unaffected by the machine body. It should be possible to use the magnetic stray fields on
the outside of the permanent magnet Halbach array rotor to determine rotor position.
2.4.2 Modified Ansys Maxwell IDRFPMSM magnetic field simulation
In 2015 Oosthuizen et al. [15] compiled an Ansys Maxwell simulation of the IDRFPMSM.
Oosthuizen’s simulation was modified for this investigation to show the magnetic stray
field (MSF) lines and flux density behind the Halbach permanent magnet array. Figure
2.7 shows the field lines and flux density for one electrical rotation.
Figure 2.8 shows the magnetic stray field direction on the 2.5 mm sensor path behind the
Halbach permanent magnet array for one electrical rotation.
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Figure 2.7: IDRFPMSM field lines and flux density for one electrical rotation
Figure 2.8: IDRFPMSM magnetic stray-field direction on a 2.5 mm sensor path behind Halbach
array
The green and red graphs in Figure 2.9 show the azimuth and radial MSF components
on the 2.5 mm path for one electrical rotation. These components in turn are used to
calculate the MSF angle and magnitude shown by the blue and purple graphs respectively.
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Figure 2.9: MSF components on 2.5 mm sensor track
Due to lack of freedom in the Ansys Maxwell environment it was decided to rather do
an additional simulation with a MATLAB script. The Ansys Maxwell simulation does,
however, provide reference.
2.4.3 MATLAB script simulation
A Matlab simulation script is written to analyse the magnetic fields surrounding the
Halbach permanent magnet array. This simulation starts by calculating the magnetic field
around a single permanent magnet. The magnetic field around the Halbach permanent
magnet array is then assembled by means of superposition.
Simulation of the magnetic field around a single magnet
Figure 2.10 shows the simulated magnetic field density (coloured contours), magnetic
field direction (black arrows) and the magnetic field lines (red stream lines) surrounding
a single permanent magnet.
Constructing a Halbach permanent magnet array
The simulated magnetic field data of the single-magnet is rotated at 0◦, 90◦, 180◦ and
270◦ angles. The multi-element Halbach permanent magnet array is constructed with
the rotated magnets by means of superposition to form a linear machine rotor as shown
in Figure 2.11. The magnetic field of the Halbach permanent magnet array found at the
round rotor of the IDRFPMSM is the same as that of a linear machine with an infinite
amount of Halbach permanent magnet array elements. To simplify the simulation, a
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Figure 2.10: Simulated magnetic field around a single permanent magnet
linear machine configuration with multiple Halbach permanent magnet array assemblies
is used instead of a round rotor configuration. Since the magnetic stray fields of the
Halbach permanent magnet array at the ends of the linear machine rotor tend to deform
into the open space (as shown in Figure 2.4), only the simulated magnetic stray fields at
the centre Halbach permanent magnet array is used.
Figure 2.11: Linear machine double-rotor Halbach permanent magnet array assembly
Figure 2.12 shows the simulated field around the double-rotor linear Halbach permanent
magnet array for one electrical rotation in the centre of the machine. In this simulation
the magnetic field density (coloured contours), magnetic field direction (black arrows)
and the magnetic field lines (red stream lines) are indicated.
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Figure 2.12: Simulated magnetic field around double-rotor Halbach permanent magnet array
assembly for one electrical rotation
Figure 2.13 shows the simulated magnetic stray field (MSF) behind the Halbach perma-
nent magnet array assembly for one electrical rotation. In this simulation the close-field
region is found between 0 mm and 5 mm, intermediate-field region found between 5 mm
and 10 mm and the far-field region is found above 10 mm behind the permanent magnet
Halbach array.
Figure 2.14, 2.15 and 2.16 shows the simulated MSF angle at increasing distances behind
Halbach permanent magnet array assembly for one electrical rotation. The three graphs
in Figure 2.14 fall in the close-field region. It should be noted that the magnetic stray-
field angle completes three rotations for every electrical angle rotation in the close-field
region. The non-linearities present at these three graphs are at a maximum at a distance
of 0.5 mm behind the Halbach array. As the distance behind the magnet array increases,
the magnetic stray field angle becomes more linear till a distance of 2.5 mm is reached.
If the distance is further increased, the MSF angle again become more non-linear till the
5 mm point is reached. This behaviour can be expected just by looking at the shape of
the field lines in Figure 2.13 at certain distances behind the magnet array.
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Figure 2.13: Simulated magnetic stray-field behind Halbach permanent magnet array assembly
for one electrical rotation
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Figure 2.14: Simulated magnetic stray close-field angle at increasing distances behind Halbach
permanent magnet array assembly for one electrical rotation
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Should the distance behind the magnet array be further increased beyond the 5 mm point,
the MSF angle transitions from three MSF rotations per electrical rotation to one MSF
rotation per electrical rotation at 10 mm. This transition is clearly illustrated by the
three graphs in Figure 2.15.
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Figure 2.15: Simulated magnetic stray intermediate field angle at increasing distances behind
Halbach permanent magnet array assembly for one electrical rotation
Beyond the 10 mm point the MSF angle completes one MSF rotation per electrical ro-
tation in the far-field region as shown in Figure 2.16. In this region the MSF angle
non-linearity is at a maximum at a distance of 10 mm. The MSF angle graph becomes
linear as the distance is increased to 15.6 mm. Above 20 mm, however, the MSF angle-
period shortens as shown in Figure 2.16.
By analysing the MSF-angle graphs in Figure 2.14, 2.15 and 2.16 it becomes clear that
the ideal sensor placement locations that would produce the most linear MSF-angle mea-
surements would be at a distance of 2.5 mm in the close-field region and 15.6 mm in the
far-field region behind the Halbach permanent magnet array. It should be mentioned,
however, that these ideal sensor placement distances are directly related to y-axis magnet
size (length of the Halbach array) and spacing between magnets. Should these measure-
ments change, the ideal sensor placement location will change accordingly.
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Figure 2.16: Simulated magnetic stray far-field angle at increasing distances behind Halbach
permanent magnet array assembly for one electrical rotation
2.4.4 MSF measurement method and sensor placement
The technique presented by Sergeant in [12] focuses specifically on rotor-position mea-
surement with the magnetic stray close-fields of a parallel-magnetised permanent magnet
array rotor found in BLDC motors. In [12] the author constructed a three-element Hall-
effect rotor position sensor by positioning three digital Hall sensors at 120◦ electrical
angles around the outside rotor facing the radial axis. This method provides a sixty
electrical-degree resolution, which is sufficient for BLDC motor control (trapezoidal con-
trol), but not accurate enough for vector control.
Kim et al. [11] positioned two linear Hall sensors 90◦ electrical out of phase at the rotor
edge of a BLAC machine. Kim used the magnetic stray close-fields at the magnet edge
of a radial magnetised permanent magnet array rotor to measure rotor position.
The magnetic stray close-field angles of the permanent magnet arrays used by Kim and
Sergeant complete a single MSF-rotation for every electrical rotation. The implementa-
tion investigated in this study, however, is rotor-position measurement for an IDRFPMSM
from magnetic stray fields of a Halbach permanent magnet array rotor. Since this Halbach
magnet array is different from the radial-magnetised and parallel-magnetised permanent
magnet arrays used in [12] and [11], the magnetic stray field is significantly different as
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well.
Rotor position from close-field measurement
The close- and far-field sensor placement positions are discussed separately. Let’s start
with the magnetic stray close-field measurements. Since the magnetic stray close-field
angle completes three rotations for every electrical angle rotation, more information is
needed to identify the region of operation at initial start-up. The problem at hand is at
which of the three MSF rotation regions the sensor initially starts measuring when the
power is switched on. A possible solution could be to use the MSF relative magnitude
measurements at different positions on the same 2.5 mm sensor track. Figure 2.17 shows
the simulated MSF vector angle and magnitude for one electrical angle rotation at a
distance of 2.5 mm behind the Halbach permanent magnet array. Figure 2.17 shows that
the sinusoidal shaped MSF vector magnitude has minimums or dips at 90◦ and 270◦
electrical angles.
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Figure 2.17: Simulated MSF vector angle and magnitude for one electrical angle rotation at a
distance of 2.5 mm behind the Halbach permanent magnet array
Three measurement locations are selected at -60◦, 0◦ and 60◦ electrical at a distance of
2.5 mm behind the Halbach permanent magnet array as shown in Figure 2.18.
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Figure 2.18: Magnetic stray close-field sensor placement behind Halbach permanent magnet
array
This sensor spacing ensures that the MSF magnitude measurements have six equally
spaced dips per electrical rotation as shown in Figure 2.19. Figure 2.19 shows the sim-
ulated MSF angle and magnitude graphs at the 0◦-centre position in blue and the MSF
magnitudes of the two side sensor locations at -60◦ and 60◦ electrical in the green and
red graphs respectively. The initial start-up region of operation can now be identified by
comparing the centre MSF angle measurement with the vector magnitudes at all three
locations (therefore, which of the three MSF sensors are experiencing a magnitude dip).
2.5 Hardware development of MSF-sensor version 1.0
2.5.1 MSF-sensor version 1.0
Two types of magnetic sensors were considered. The first is a magnetoresistive sensor,
the AFF755B manufactured by Sensitec. This magnetoresistive sensor measures magnetic
field density and direction. At first glance this sensor looked like the ideal option. After
further investigation it came to light that the nature of the magnetoresistive phenomenon
and construction of this sensor prevents it from distinguishing between a change in mag-
netic field density and direction. Since both the magnetic field density and direction is
unknown, this sensor will not be ideal. The second sensor considered is a linear unidirec-
tional Hall sensor, the SS496A1 manufactured by Honeywell. This sensor measures the
magnetic field density on a single axis with the Hall-effect phenomenon as described by:
VH = I × B . (2.1)
The decision was made to rather measure the magnetic field density on two separate axes
with two orthogonally positioned SS496A1 sensors at each measurement location and
calculate the MSF magnitudes and angles from these measurements.
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Figure 2.19: Simulated MSF vector angle at the centre sensor location and vector magnitudes of
all three measurement locations for one electrical angle rotation at a distance of 2.5 mm behind
the Halbach permanent magnet array
A MSF-sensor PCB containing a microcontroller and linear Hall sensors was developed.
This MSF-sensor PCB is shown in Figure 2.20. The microcontroller and -60◦, 0◦ and
60◦ electrical angle sensor locations are indicated in Figure 2.20. By close inspection
of Figure 2.20 it will be noticed that each sensor block contains a tangential-positioned
sensor at the bottom and a radial-positioned sensor right on top of it.
Figure 2.20: The first MSF-sensor PCB
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Figure 2.21 shows the component interaction block diagram of the first MSF-sensor PCB.
The SS496A1 linear Hall sensor requires a 5 V supply rail. This linear Hall sensor delivers
its analogue result output as a voltage level that changes between 0.5 V and 4.5 V for a
flux density change of between ±85mT. The PIC24FV32KA304 microcontroller is chosen
since it can operate from a 5 V supply rail and supports all the necessary peripherals.
Figure 2.21 shows that six 12-bit microcontroller ADC channels are used to measure the
component field strength outputs of the six linear Hall sensors in the three sensor blocks.
The microcontroller calculates the MSF magnitude and angle components at the three
measurement locations from the measured radial and tangential components. These MSF
magnitude and angle components in turn are used to calculate the rotor electrical angle.
The MSF-sensor output is delivered as a varying duty cycle on a PWM signal.
TMS320F28069
Processor
ECAP
module
PIC24FV 32KA301 Processor
PWM
module
ADC
module
Sensor block 1
Radial
sensor 1a
Azimuthal
sensor 1b
Sensor block 2
Radial
sensor 2a
Azimuthal
sensor 2b
Sensor block 3
Radial
sensor 3a
Azimuthal
sensor 3b
MSF sensor PCB
Inverter PCB
Figure 2.21: First MSF-sensor component interaction block diagram
Figure 2.22 shows the microcontroller’s firmware flow diagram. As shown in Figure 2.22,
at initial power-on the 60 MHz internal oscillator, 1 msec internal interrupt timer, six 12-
bit ADC modules, a 10-bit 10 kHz PWM module and the applicable input-output-pins
are configured. From that point on all operation continues in an interrupt loop. Once an
interrupt is triggered, the six analogue Hall-sensor outputs are measured with the ADC
module of the microcontroller. The MSF magnitudes and angles at the sensor locations
are thereafter calculated from the measured components. The rotor angle is synthesized
from the MSF data. Lastly the calculated rotor angle is delivered to the inverter in the
form of a varying duty-cycle on a 10 kHz PWM signal.
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Main loop
Initial
power on
Configure oscillator
interrupts, pins
and peripheral modules
Infinite loop
Interrupt loop
Interrupt
triggered
Measure six
Hall sensor outputs
Calculate magnetic field
magnitude and angle
at measurement points
Synthesize rotor angle
from measured data
Translate rotor angle
to PWM sensor output
Figure 2.22: MSF-sensor V1.0 firmware flow diagram
2.5.2 Magnetic stray close-field measurements with the first
MSF-sensor
At the time of the development of the first MSF-sensor, the third IDRFPMSM was
still under construction. The rotor of the second IDRFPMSM was used to measure the
magnetic stray close-field. Figure 2.23 shows a picture of the outside rotor of the second
IDRFPMSM.
Figure 2.23: Outside rotor of second IDRFPMSM
Figure 2.24 shows the angles and magnitudes of the MSF measured at the thee sensor
locations (-60◦, 0◦ and 60◦) over two electrical rotations. The blue, red and green curves
show the measured angles and magnitudes of the MSF at sensor blocks one to three
respectively. The simulated MSF magnitude and angle graphs shown in Figure 2.19 can
now be compared with the measured data in Figure 2.24. There is a strong correspondence
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between the measured and simulated stray close-field angle. The measured angle changes
fairly linearly with rotor position and can therefore be used to measure the rotor electrical
angle. The measured MSF magnitude is, however, different from one electrical rotation
to the next as shown in Figure 2.24. This is possibly due to magnet strength and motor
manufacturing tolerances. These measurements therefore show that the MSF magnitudes
cannot be used to identify the initial angle region as were proposed earlier in this chapter.
This in turn means that only the close-field angle could be used to construct a relative
rotor position sensor, not an absolute position sensor as is required in this project.
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Figure 2.24: Measured magnetic stray close-field angles and magnitudes at the three sensor
blocks for two electrical rotations
2.6 Rotor position from far-field measurements
2.6.1 Sensor placement
Figure 2.25 shows the simulated MSF angle and magnitude for one electrical angle rota-
tion at a distance of 15.6 mm behind the Halbach permanent magnet array. The magnetic
stray far-field angle completes one rotation for every electrical angle rotation as shown in
Figure 2.25. This in itself means that the magnetic stray far-field angle alone can be used
to construct an absolute electrical-angle rotor position sensor. However, the downside is
at this distance the field strength and therefore the signal-to-noise ratio is significantly
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less than in the close-field region. Figure 2.25 shows that a maximum field strength of
3.8 mT could be expected at this distance. Since the MSF-sensor has a resolution of
41 µT, accurate rotor angle measurement can be made even at this distance.
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Figure 2.25: Simulated MSF vector angle and magnitude at the centre sensor location for one
electrical angle rotation at a distance of 15.6 mm behind the Halbach permanent magnet array
Only one sensor block positioned at the 0◦ electrical angle is used to measure the magnetic
stray far-field angle as shown in Figure 2.26. As in the case of the close-field measurement,
the sensor block consists of two orthogonally positioned SS496A1 linear Hall sensors, one
facing the tangential and one facing the radial direction.
2.6.2 Hardware development of MSF-sensor version 2.0
The available space inside the third IDRFPMSM is significantly less than in its prede-
cessor. As a result the MSF-sensor was redesigned to a smaller packaging as shown in
Figure 2.27.
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Figure 2.26: Magnetic stray far-field sensor placement behind Halbach permanent magnet array
Figure 2.27: Second MSF-sensor PCB
Figure 2.28 shows the component interaction block diagram of the redesigned MSF-sensor.
Since the MSF angle need only be measured in one location when using the far-field region
for rotor position identification, the sensor blocks have been reduced to a single sensor
block consisting of a radial and tangential linear Hall sensor.
TMS320F28069
Processor
ECAP
module
PIC24FV 32KA301 Processor
PWM
module
ADC
module
Sensor block
Radial
sensor 1a
Azimuthal
sensor 1b
MSF sensor PCBInverter PCB
Figure 2.28: Second MSF-sensor’s component interaction block diagram
Figure 2.29 shows the firmware flow diagram of the second MSF-sensor. At initial power-
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on the 60 MHz internal oscillator, 1 msec internal interrupt timer, two 12-bit ADC mod-
ules, a 10-bit 10 kHz PWM module and the applicable input-output pins are configured.
Once an interrupt is triggered, only two analogue Hall sensor output pins are measured
with the ADC module of the microcontroller. These two sensor outputs are used to calcu-
late the MSF angle. The electrical rotor angle is now calculated by removing the constant
error from the magnetic stray far-field angle. The MSF-sensor output is delivered as a
varying duty-cycle on a 10 kHz PWM signal.
Main loop
Initial
power on
Configure oscillator
interrupts, pins
and peripheral modules
Infinite loop
Interrupt loop
Interrupt
triggered
Measure two
Hall sensor outputs
Calculate magnetic field
angle at a single
measurement point
Synthesize rotor angle
from field angle
Translate rotor angle
to PWM sensor output
Figure 2.29: Second MSF-sensor’s firmware flow diagram
2.6.3 Installing the MSF sensor onto the stator
Figure 2.30 shows an auxiliary section of the IDRFPMSM with MSF sensor installed. In
this chapter the magnetic stray-field at different distances behind the Halbach permanent
magnet array are investigated. For this experiment the MSF sensor needs to be able to
move closer to and further away from the magnet array as required. A motorised sliding
table was developed that allows the user to move the MSF sensor closer to or further
away from the magnet array from outside the assembled machine as required. Figure
2.30 shows the MSF sensor and motorised sliding table installed directly onto the stator.
The IDRFPMSM rotor has a web that prevents the machine from being assembled with
an extended MSF sensor. The machine is therefore assembled with a retracted sliding
table and only extended after assembly as shown by the blue dots in Figure 2.30.
Figure 2.31 shows the MSF sensor and motorised sliding table installed onto the stator
with the MSF sensor fully retracted in (a) and fully extended in (b). The MSF sensor
is retracted to the position in (a) before machine assembly. After assembly the sensor is
extended to the required position.
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Figure 2.30: Auxiliary section of IDRFPMSM with MSF sensor
Figure 2.31: MSF-sensor and motorised sliding table installed onto the stator with the MSF-
sensor fully retracted in (a) and fully extended in (b)
2.7 MSF sensor measurement results
Figure 2.32 shows the electrical rotor angle results measured with the MSF sensors. The
horizontal axes show the actual electrical rotor angle and the vertical axes show the
electrical rotor angle measured with the MSF sensors. The top graph shows the electrical
rotor angle measurement with the magnetic stray far-field in its linear region. Please take
note of the measurement ripple due to the low signal-to-noise ratio of the weak magnetic
stray fields at this distance from the magnet array. Since the magnetic stray far-field
completes one rotation for every electrical angle rotation, the electrical angle is the same
as the magnetic stray far-field angle. The middle graph shows the electrical rotor angle
measurement with the magnetic stray far-fields in its non-linear region.
The magnetic stray close-field, however, completes three rotations for every electrical
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angle rotation as shown in the bottom red graph in Figure 2.32. The relative electrical
rotor angle is in turn calculated from the magnetic stray close-field angle as shown in
the bottom blue graph in Figure 2.32. The bottom graph shows that even though the
magnetic stray close-field angle has significant non-linearities, the three times scaling
factor of this calculation makes the electrical rotor angle calculated from the magnetic
stray close-fields quite usable.
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Figure 2.32: Rotor angle measured with MSF sensors
The red graph in Figure 2.33 shows the electrical rotor angle calculated from the magnetic
stray close-fields and the blue graph shows the electrical rotor angle measured with the
magnetic stray far-fields. Figure 2.34 shows the electrical rotor angle measurement error
with the close-fields in red and the far-fields in blue. These two graphs show that the
electrical rotor angle calculated from the magnetic stray close-fields has an angle error of
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about ±5◦ electrical due to non-linearities and with the magnetic stray far-fields has an
angle error of about ±15◦ electrical due to measurement noise and non-linearities.
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Figure 2.33: MSF sensor accuracy on close and far-field measurements
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Figure 2.34: MSF sensor close and far-field measurement error
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2.8 Chapter conclusion
This chapter investigates using the magnetic stray fields behind the Halbach permanent
magnet array of an IDRFPMSM for rotor-position estimation. A simulation identified
two potential sensor placement locations. Since the magnetic stray field angle in the close-
field region completes three rotations for every electrical angle rotation, it was attempted
to use the magnet stray-field relative magnitudes as well as angles in three measurement
locations. Practical measurements soon revealed the relative magnitudes are unreliable
due to magnet strength and machine manufacture tolerances. As a result the magnetic
stray close-fields could only be used to construct a relative electrical rotor angle sensor.
The magnetic stray far-field was successfully used to construct an absolute electrical
angle sensor as the magnetic stray far-fields complete one rotation for every electrical
angle rotation.
Comparison of the final measurement results revealed that the electrical rotor angle calcu-
lated with the close-field angle has higher accuracy that that calculated with the far-field
angle. The accuracy can be improved by using both the close-fields and the far-fields in
the electrical rotor angle estimation. Using an observer or system-state-estimator should
improve the measurement linearity significantly as well.
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Automatic PMSM parameter
measurement
3.1 Chapter introduction
Accurate machine parameters are essential to achieve optimum vector control. The ma-
chine parameters of many commercial PMSMs are not provided by the motor manufac-
turers. Even if the machine parameters are known, once the machine is installed, the
moment-of-inertia and friction-coefficient change to the total driven parameters. The
parameters of the assembled systems should therefore be identified before closed-loop
operation is attempted. Many system-identification technologies exist, including model
reference adaptive systems, recursive least square algorithms, Kalman filters, artificial
neural networks and evolutionary algorithms [16]. These technologies all use the phase
currents, terminal-voltage measurements and rotor-position measurements to estimate
the system parameters.
3.2 Chapter outline
The literature study section in 3.3 introduces methods used by different authors to
estimate the PMSM parameters. The machine parameters are first measured using a
test-bench method to establish an accurate baseline in 3.4. Subsequently an open-loop
parameter-estimation method is introduced in 3.5 that serves as a sensorless alternative
to the test-bench method. Closed-loop parameter estimation is thereafter introduced in
3.6 followed by the results in 3.7 and a brief conclusion in 3.8.
34
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3.3 Literature study related to PMSM parameter
estimation
3.3.1 Parameter estimation background
Jaganathan et al. [10] used an unsupervised learning method to estimate the direct-
axis and quadrature-axis stator inductance, torque and PM flux magnitude of a PMSM.
Jaganathan explained that neural networks can be trained to represent complex multi-
input multi-output non-linear systems, making it one of the best ways to estimate PMSM
parameters. However, this method requires on-line and off-line training. Jaganathan also
used simulated data for off-line training. Even though this method delivered promising
results, simulated data was needed to train the system. The questions are whether this
system could be used with a completely unknown machine without the simulated result
being used for off-line calibration and how calculation intensive this process is.
Khov et al. [17] presented both on-line and off-line PMSM parameter-estimation method.
The sinusoidal (harmonic) compositions of the PWM driving signal together with a re-
cursive least squares method is used to estimate the stator coil resistance and stator coil
inductance. The author did not indicate which harmonic was used. The author claimed
that good results were recorded with a PWM switching frequency of 5 kHz. The harmonic
composition of the PWM driving signal is used as excitation. This means that when a
machine with low stator phase inductance is used, a PWM switching frequency of 50 kHz
or higher will be required. ADC measuring and arithmetic speeds far beyond that of an
average microcontroller is required. This method is therefore not ideal for microcontroller
implementation.
Lee et al. [18] presented a closed-loop PMSM parameter-estimation method that makes
use of PI controller gain tuning. Lee moves the controller ”zero” around by changing the
PI controller gain until the controller ”zero” is on top of the motor ”pole” and effective
zero cancellation takes place. At this point the closed-loop system is reduced to and
responds as a first-order system. Lee evaluates the gain tuning progress by monitoring
the current. A single current loop controller was used to estimate the phase resistance,
phase inductance and BEMF constant.
Makela et al. [19] used a 2D finite element analysis and differential evolution algorithm
to estimate PMSM parameters. The machine was modelled using finite element analysis.
A theoretical model was fitted to the resulting numerical data using a least-squares cost
function. The cost function was then minimised using a differential evolution algorithm.
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Rashed et al. [20] presented an indirect rotor field-oriented control scheme for a syn-
chronous machine, that is insensitive to stator resistance mismatch. The author added
a model reference adaptive system to estimate the stator resistance and rotor flux speed
and magnitude. Rashed claimed that experimental results showed excellent performance.
Xiao et al. [21] used a Kalman filter to estimate rotor permanent magnet flux. Xiao
explained that as the rotor’s PM temperature increased, the PM residual flux density
and intrinsic coercivity decreased. When the PM cools, the PM residual flux density and
intrinsic coercivity returns to its original level. Should the PM temperature rise beyond its
critical temperature level, demagnetisation occurs. Once demagnetisation occurs, higher
current is needed to reach the required torque. This in turn could damage the machine
further. Xiao prevents this with early PM demagnetisation detection.
3.3.2 Method of implementing the PMSM parameter measurement
The literature study of this chapter discusses methods used to estimate machine parame-
ters in both open-loop and closed-loop configuration. In all of these studies three or less of
the five PMSM parameters were estimated. It is worth mentioning that all five parameters
are required for accurate closed-loop operation. Most of these methods are very calcu-
lation intensive and would therefore not be ideal for microcontroller implementation. In
this study a new IDRFPMSM with unknown parameters is used. A test-bench parameter
measurement method was developed to measure the machine parameters. This provides
a baseline with which to compare the results of the automatic parameter-measurement
system. This chapter then presents an alternative sensorless open-loop and closed-loop
method for machine parameter measurement. It is assumed that the machine being used
has unknown parameters. At power-on the system therefore first identifies the machine
parameters with an open-loop test and then updates the machine parameters during the
closed-loop operation.
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3.4 Test-bench PMSM parameter measurement
3.4.1 Overview
The machine parameters are measured with a test-bench setup to establish an accurate
baseline reference. The mathematical model of a PMSM is described by [2]:
Vd = Rid + Ld
did
dt
− ωeLq iq
Vq = Rid + Lq
diq
dt
+ ωeLd id + ωeλm
Tm =
3
2
P
(
λm iq + (Ld − Lq )id iq
)
dωe
dt
=
P
J
Tm − BJ ωe
(3.1)
It should be noted that the connection between BEMF constant Ke and rotor flux mag-
nitude λm is: Ke=Pλm where P is the amount of pole pairs. Since this is a non-salient
machine, Lq = Ld = L. There are five parameters that need to be measured: the phase
resistance R, phase inductance L, BEMF constant Ke , friction coefficient B f and moment
of inertia J.
3.4.2 Bench measurement of phase resistance and phase inductance
The phase resistance and phase inductance are measured with a precision LCR meter
between a single phase terminal and the neutral terminal while the rotor is at standstill
as shown in Figure 3.1. Since this is a balanced three phase load, the phase resistance
and phase inductance respectively of all three phases are identical.
IDRFPMSM
L1
R1
L2
R2
L3R3
LCR meter
Figure 3.1: Bench phase resistance and phase inductance measurement setup
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3.4.3 Bench measurement of BEMF-constant
The BEMF-constant Ke is measured by spinning the IDRFPMSM rotor at a constant
speed with an electric drill and measuring the generated sinusoidal waveform (BEMF)
between the phase terminal and the neutral terminal as shown in Figure 3.2.
Phase A
Phase B
Phase C
Neutral
Electric
drill
IDRFPMSM
Rotor
Stator
Oscilloscope
Figure 3.2: BEMF measurement setup
The BEMF constant Ke is calculated by:
Ke =
Vposit ive pe akP
2pi fg ener at ed
(3.2)
Where Vposit ive pe ak is the peak phase-to-neutral voltage, P is the number of pole pairs
and fg ener at ed is the electric frequency obtained from the sinusoidal period Tg ener at ed .
3.4.4 Bench measurement of friction-coefficient and moment-of-inertia
Since the friction coefficient of this machine is fairly small, a pendulum test is used to
identify the mechanical parameters of the machine. Figure 3.3 shows the measurement
setup used.
A weight with a known mass m2 is attached to the wheel rotor at distance l from the axle
centre as show in Figure 3.3. The total moment-of-inertia now consists of the unknown
moment-of-inertia of the rotor J1 and the known moment-of-inertia of the added weight
J2 as described in:
Jtot al = J1 + J2 = J1 +m2l 2 (3.3)
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IDRFPMSM
Rotor
J1Stator
m2
Fg
θ
Ft
d
e
f
θ
l
Figure 3.3: Pendulum test setup
The tangential force Ft of the weight m2 being displaced from its position of rest by angle
θt is:
Ft = m2g s inθm (3.4)
Where g is gravitational acceleration of 9.81 msec2 . This tangential force Ft at distance l
from the centre creates a torque Tt ang ent ial described by:
Tt ang ent ial = Ft l = m2g l s inθm (3.5)
Friction dampening is described by:
T f r ic t ion = B f ωm = B f Ûθm (3.6)
Where T f r ic t ion is the friction torque, B f is the friction coefficient and ωm (or Ûθm) is the
mechanical angular speed.
A second-order differential equation is written to represent the system:
(J1 +m2l 2) Üθm = −m2g l s inθm − B f Ûθm (3.7)
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This second-order differential equation is now linearised by assuming s inθm ≈ θm for
small angles of θm , therefore:
(J1 +m2l 2) Üθm = −m2g lθm − B f Ûθm (3.8)
The linearised second-order differential equation is now rearranged to:
Üθm +
B f
J1 +m2l 2
Ûθm + m2g lJ1 +m2l 2 θm =
Üθm + 2ζωn Ûθm + ω2nθm = 0 (3.9)
where ωn is the natural angular frequency and ζ is the damping ratio. The moment of
inertia of the rotor is calculated with:
ω2n =
m2g l
J1 +m2l 2
(3.10)
J1 =
m2g l
ω2n
−m2l 2 (3.11)
The machine’s friction coefficient is calculated with:
2ζωn =
B f
J1 +m2l 2
(3.12)
B f = 2ζωn(J1 +m2l 2) (3.13)
During rest, weight m2 is at position e (Figure 3.3). An impulse is applied by pulling
weight m2 to position d and released. The rotor now oscillates between positions d and f
with declining amplitude as shown in Figure 3.4. The impulse response of a second-order
system is described by:
y(t ) = ke−σt s in(ωd t ) (3.14)
Where y(t ) is the mechanical rotor angle, k is a gain constant, t is time in seconds and σ
and ωd are the real and imaginary components of the second-order complex poles. Two
sets of measurements, mechanical rotor angle (y(t1; y(t2))) at time (t1; t2) are measured
at the turning points at position d , one period apart as shown in Figure 3.4.
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Figure 3.4: Rotor angle oscillation during pendulum impulse-response test
At the turning points at time t1 and t2, s in(ωd t1or2) = 1, therefore from (3.14):
y(t1) = ke−σt1 s in(ωd t1) = ke−σt1 .1 = ke−σt1 (3.15)
y(t2) = ke−σt2 s in(ωd t2) = ke−σt2 .1 = ke−σt2 (3.16)
Constant k is eliminated by division:
y(t1)
y(t2) =
ke−σt1
ke−σt2
= e−σ(t1−t2) = eσ(t2−t1) (3.17)
And rewritten to:
σ =
1
t2 − t1 l n
(
y(t1)
y(t2)
)
(3.18)
The pendulum completes a full oscillation of 2pi radians in between time t1 and t2 therefore
from (3.14):
ωd (t2 − t1) = 2pi (3.19)
ωd =
2pi
(t2 − t1) (3.20)
Now the natural angular frequency ωn is:
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ωn =
√
ω2d + σ
2 (3.21)
And the damping ratio ζ is:
ζ =
σ
ωn
(3.22)
Lastly from (3.11) and (3.13) the moment of inertia J1 and the friction coefficient B f of
the rotor is calculated using:
J1 =
m2g l
ω2n
−m2l 2 (3.23)
B f = 2ζωn(J1 +m2l 2) (3.24)
3.5 Open-loop parameter measurement
3.5.1 Automatic PMSM parameter measurement implemented on
inverter PCB
Now, let’s look at the parameter measurement system implemented on the microcon-
troller. This study focuses primarily on PMSM wind turbine and electric vehicle applica-
tions. As the machines used in these applications warm up, the coil resistance increases
and rotor PM residual flux density and intrinsic coercivity decrease [21]. As the rota-
tional speed of the machine changes, the drag associated with mechanical friction, eddy
current losses and hysteresis losses changes. In a vehicle application as extra passengers
or luggage are added to or removed from the vehicle, the combined inertia and friction co-
efficient of the system change. Most of these changes are unpredictable or not specified by
the machine manufacturer, but has a significant influence on system control performance
and should be considered. An on-line parameter estimator is developed that measures the
machine parameters during normal operation and updates the control system accordingly.
This on-line parameter estimator is a non-intrusive observer that estimates the machine
parameters by analysing the response of the machine to the controller’s commands. In
normal operation the parameter estimator will not issue any commands, but rather wait
for certain measurement conditions to occur. Figure 3.5 shows the component interaction
block diagram of the inverter. As indicated in Figure 3.5, the on-line parameter estimator
(highlighted in blue) uses the rotor speed, rotor acceleration and dq-axis machine voltage
and current to estimate the parameters of the machine.
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Figure 3.5: System component interaction block diagram
The on-line parameter estimator operates during closed-loop operation. Since stable
closed-loop operation already requires a fairly accurate machine model, an open-loop test
should first be performed at initial power-on to identify the machine model parameters.
The open-loop parameter estimator is highlighted in red. The control system therefore
start to operate with the parameters measured during the open-loop test and as the sys-
tem parameters change during normal closed-loop operation, the control-loop parameters
are updated accordingly.
3.5.2 Open-loop parameter measurement overview
In the open-loop test, the rotor is first aligned with the zero electrical angle. At this
point the phase resistance is measured. An impulse is now applied by shifting the stator
field angle from zero to pi6 rad electrical. The rotor now realigns with the
pi
6 rad electrical
angle, oscillating around this point with the natural angular frequency ωn of the system.
The rotor moment-of-inertia J1, friction-coefficient B f and PM flux magnitude λm is
measured by analysing oscillation behaviour. Once the oscillation has subsided, the
phase inductance is measured.
3.5.3 Aligning rotor with zero electrical angle
At initial start-up, the rotor is aligned to zero electrical angle by forcing a current to flow
into the phase A terminal and out of phase B and phase C terminals. This is done by
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switching the phase B and C low-side switches and on and applying a 50 kHz PWM signal
initially with a 0 % duty cycle to the phase A high-side switch, as shown in Figure 3.6.
The duty cycle is increased at a rate significantly slower than the expected stator RL-time
constant till a current of 1 A is flowing in phase A. The duty cycle is now kept constant
at 1 A for a predefined time period. The rotor now realigns with the zero electrical stator
field angle. The predefined time period is chosen long enough to allow the rotor oscillation
to subside.
Q5 Q6
Q1
48 V
isupply
ifreewheeling
PWMA−h
12V12V
iphase A iphase A
Phase A
iphase B Phase B
iphase C Phase C
Three phase bridge
IDRFPMSM
Figure 3.6: Zero rad alignment circuit
After the oscillation settled, the BEMF is zero and the phase current ia is a DC value
once again. Figure 3.7 shows the condensed electrical model with Vac(av g ) applied between
terminals a and c during rotor standstill. As shown in Figure 3.6, the average voltage
drop across the coil inductance is zero. The series stator resistance (Ra + Rb | |Rc ) is
calculated from the voltage Vac(av g ) applied between terminals A and C (or B) and phase
current Ia by:
Ra + Rb | |Rc =
Vac(av g )
Ia
(3.25)
Since the machine is a balanced three-phase load:
Ra = Rb = Rc =
2Vac(av g )
3Ia
(3.26)
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(Ra+Rb||Rc)Ia
(La+Lb||Lc)diadt =0
BEMF = 0
Figure 3.7: Condensed electrical model with Va−c applied between terminals a and c during
rotor standstill.
3.5.4 Apply impulse
Now that the rotor is aligned with the zero electrical angle, an impulse is applied by
instantaneously shifting the stator field from 0 rad to pi6 rad electrical. This is done by
switching the phase C low-side switch Q6 on and applying a 50 kHz PWM signal with
duty cycle D to the phase A high-side switch Q1, the phase B low-side switch Q5 is
switched off as shown in Figure 3.8. Duty cycle D is calculated so that a current of 1 A
flows in phase A:
D =
(Ra + Rb )Ia
Vinput
(3.27)
The duty cycle is kept constant for a predefined time period. The rotor now realigns with
the new stator field at pi6 rad electrical and oscillates around this point once it is reached,
with natural angular frequency ωn of the system and decaying amplitude due to friction
dampening B f .
Q6
Q1
48 V
isupply
ifreewheeling
PWMA−h
12V
iphase A Phase A
Phase B
iphase C
Phase C
Three phase bridge
IDRFPMSM
Figure 3.8: pi6 rad alignment circuit
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Figure 3.9 shows the IDRFPMSM with force components and rotating travel path. As
shown in Figure 3.9, when the rotor is aligned with the pi6 rad stator field at e (θe =
pi
6
rad), only a direct-force component Fd is present, the magnitude of which is directly
equivalent to the phase current magnitude. As the angle between rotor and stator field θe
increases, the quadrature force component Fq increases, generating torque, and therefore
an acceleration in the direction of the force Fq . This angle-dependent torque together
with the moment-of-inertia and friction of the machine form a second-order system similar
to the pendulum-test used earlier in this chapter. As the impulse is effectively applied in
the negative angle direction and the stator field is positioned at pi6 rad, the angular path
of the rotor is described by:
θe (t ) = ke−σt s in(ωd t +
3pi
2
) + pi
6
(3.28)
Where θe (t ) is the electrical rotor angle, k is the angle constant, t is time in seconds and
σ and ωd are the real and imaginary components of the second-order complex poles of
the system. Figure 3.9 shows the angular travel path of the rotor with an impulse applied
by shifting the stator field from zero rad to pi6 rad (position d to position e), followed by
1.5 oscillations (positions d to e to f to e to g to e to ℎ to e).
IDRFPMSM
Rotor
J1Stator
d
g
e
f
h
θ
Stator field
at pi6 rad
Fd
Rotor
initial
position
at 0 rad
Fq
Figure 3.9: IDRFPMSM impulse-test angular travel path
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The angular velocity of the rotor is calculated from (3.28) by:
ωe (t ) = dθe (t )dt = ke
−σt (−σ s in(ωd t +
3pi
2
) + ωd cos(ωd t +
3pi
2
)) (3.29)
The angular position θe and angular velocity ωe of the rotor are shown in blue and red
traces respectively in Figure 3.10. Please take note of the corresponding labels d to ℎ in
Figure 3.9 and Figure 3.10.
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Figure 3.10: Rotor oscillation after impulse is applied
Now let’s have a look at what the electrical model of the machine does during this
oscillation. Figure 3.11 shows a circuit diagram of pulse-width modulated voltage source
Va−c connected between machine phases A and C.
−
+
−
+
ia
+
−
−
+
Va−c
Ra
La
ea(ωe,θe) = λmωesin(-θe)
ec(ωe,θe) = λmωesin(-θe+4pi3 )
Lc
Rc
Figure 3.11: Electrical model with Va−c applied between terminals a and c
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The two-phase PMSM electrical model in Figure 3.11 is condensed to Figure 3.12.
−
+
−
+
ia
+
−
+
−
+
−
Va−c
(Ra+Rc)ia
(La+Lc)diadt
ea(ωe,θe)-ec(ωe,θe) = λmωe(sin(-θe) - sin(-θe+4pi3 ))
Figure 3.12: Condensed electrical model with Va−c applied between terminals a and c
The voltage equation of the circuit in Figure 3.12 is:
Va−c (t, θe, ωe ) = (Ra + Rc )ia + (La + Lc )diadt + λmωe (s in(−θe ) − s in(−θe +
4pi
3
)) (3.30)
The PWM-switching frequency is chosen so that an acceptable current ripple is achieved
for an expected coil inductance. The choice of PWM-switching frequency is discussed
in the next chapter. Let us assume for this discussion that the current-ripple due to
switching frequency is negligible. The system’s natural frequency, which is considered in
this analysis, is significantly lower than the PWM-switching frequency. Assuming that
the coil inductance maintains a neglectably small phase current ripple and the source
voltage Va−c is a constant value. The average voltage drop across the coil inductors is
zero, therefore: (La + Lc ) diadt = 0
Figure 3.13 shows the angular position θe and angular velocity ωe of the rotor in the blue
and red graphs respectively during this oscillation. As the rotor oscillates around the pi6
rad electrical stator field, BEMF voltages are developed at the stator coils. This BEMF
signal is dependent on the rotor’s angular velocity and the angle between the rotor and
the stator field as describe by:
ea(θe, ωe ) − ec (θe, ωe ) = λmωe (s in(−θe ) − s in(−θe + 4pi
3
)) (3.31)
The BEMF voltage signal of (ea(θe, ωe ) − ec (θe, ωe )) is shown in the green curve in Figure
3.13. Since this generated BEMF voltage is dependent on both rotor angle and angular
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velocity, every time the rotor crosses the pi6 rad point or the angular velocity equals zero,
the BEMF voltage is zero. These BEMF zero-crossings can be utilized to sensorlessly
determine rotor position. Since the source voltage Va−c is kept constant, a change in
BEMF voltage causes an equivalent change in phase current. Phase-A current ia(θe, ωe )
is described by:
ia(θe, ωe ) =
Va−c − λmωe (s in(−θe ) − s in(−θe + 4pi3 ))
Ra + Rc
(3.32)
As shown by the phase-A current curve ia(θe, ωe ) in Figure 3.13, the phase-A current
crosses the 1 A level for the first time when the initially impulse is applied at t0. The 1 A
level is crossed for the second time when the rotor is aligned with the stator field at t2
and for the third time when the angular velocity equals zero at t3 with the rotor at its
furthest point after its first swing.
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Figure 3.13: Phase current during rotor oscillation
As previously stated the stator field is instantaneously shifted from zero to pi6 rad-electrical
at time t = 0. The rotor at this point in time is still positioned at zero. The angle of the
rotor at θe (0) with reference to the pi6 rad electrical stator field, is − pi6 rad electrical. The
constant k is therefore calculated from (3.28) with:
k =
− pi6
eσ(0)s in(ωd (0) + 3pi2 )
=
− pi6
s in(3pi2 )
=
pi
6
[
r ad
]
(3.33)
Since the rotor angle θe (t ) completes a quarter oscillation between time t0 and t2, ωd is
calculated by:
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ωd =
1
2pi
t2 − t0
[
r ad
sec
]
(3.34)
Since the rotor angular velocity ωe (t ) equals zero at time t3, σ is calculated from (3.29)
by:
σ =
ωd cos(ωd (t3 − t0) + 3pi2 )
s in(ωd (t3 − t0) + 3pi2 )
[
r ad
sec
]
(3.35)
The natural circular frequency ωn is calculated with:
ωn =
√
ω2d + σ
2
[
r ad
sec
]
(3.36)
and the damping ration ζ is calculated with:
ζ =
σ
ωn
(3.37)
Now that the constants k, ωd and σ are known, equations for the rotor position θe (t )
and angular velocity ωe (t ) are formulated with (3.28) and (3.29) respectively. As the
stator coil resistance is also known, the rotor flux magnitude λm is calculated with the
minimum phase-current measurement at t1 using:
λm =
Va−c(av g ) − ia(min)(Ra + Rc )
ωe (t1)(s in(−θe (t1)) − s in(−θe (t1) + 4pi3 ))
[
V .s
r ad
]
(3.38)
Let us define a new axis system with θt emp = −θe + pi6 . The angle relationship between
these axes systems are illustrated in Figure 3.14.
The developed torque in a PMSM is described by [2]:
Tdev =
3
2
P
(
λm iq + (Ld − Lq )id iq
)
(3.39)
As this PMSM is a non-salient machine (therefore Ld = Lq) and iq = ia s in(−θe + pi6 ) =
ia s in(θt emp) therefore:
Tdev =
3
2
P λm ia s in(θt emp) (3.40)
With moment-of-inertia J1 and friction-coefficient B f , a second-order differential equation
is formulated to describe the system:
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Figure 3.14: Angle relationship between two axes
J1
P
Üθt emp +
B f
P
Ûθt emp + 3
2
P λm ia s in(θt emp) = 0 (3.41)
This second-order differential equation is now linearised by assuming s inθt emp ≈ θt emp
for small angles of θt emp , therefore:
J1
P
Üθt emp +
B f
P
Ûθt emp + 3
2
P λm iaθt emp = 0 (3.42)
and rewritten to:
Üθt emp +
B f
J1
Ûθt emp + 3P
2λm ia
2J1
θt emp = Üθt emp + 2ζωn Ûθt emp + ω2nθt emp = 0 (3.43)
Now from (3.43) the moment of inertia is calculated by:
J1 =
3P 2λm ia
2ω2n
(3.44)
and the friction coefficient is calculated by:
B f = 2ζωn J1 (3.45)
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3.5.5 Coil inductance current discharge test
At this point, a (known) dc current is flowing through both the phase A and phase C
stator coils. The stator inductances can be estimated by analysing its current discharge
curve as the charged stator inductance (with unknown value) is discharged through the
stator resistance (with known value). This is done by instantaneously switching the phase
A high-side switch Q1 off and switching the phase A low-side switch Q4 on, while keeping
phase C low-side switch Q6 on. Figure 3.15 shows a circuit diagram used in the stator
inductor current discharge test. Also note the current direction in Figure 3.15.
Q4 Q6
iphase A/C
12V 12V
iphase A Phase A
Phase B
iphase C
Phase C
Three phase bridge
IDRFPMSM
Figure 3.15: Current discharge circuit
The charged stator coil inductances will oppose the current change by inducing a voltage
across the stator thereby acting as current source for a short time period. Figure 3.16
shows a graph of the current through the inductor. The current measurement ia4 at
time t4 is measured the instant just before the current discharge circuit is implemented.
Current measurement ia5 at time t5 is measured after the inductor current has decayed
to 33 % of its original value after one time constant decay.
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Figure 3.16: Phase A current during stator inductance discharge
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Figure 3.17 shows a condensed circuit diagram of the discharge circuit. The rotor is
stationary during this measurement, so the induced BEMF voltage is zero.
ia
+
−
+
−
+
−
(Ra+Rc)ia
(La+Lc)diadt
ea(ωe,θe)-ec(ωe,θe) = 0 - 0 = 0
Figure 3.17: Condensed electrical model with phase A and C stator inductances discharging
across stator resistances during rotor standstill
From Kirchhoff’s voltage law, the discharge circuit diagram in Figure 3.17 is described
by:
(Ra + Rc )ia + (La + Lc )diadt = 0 (3.46)
Through integration:
− (Ra + Rc )
∫ t5
t4
dt = (La + Lc )
∫ ia5
ia4
1
ia
dia (3.47)
and rewritten in terms of series inductance as:
(La + Lc ) = (Ra + Rc )(t5 − t4)
l n( ia4ia5 )
(3.48)
As the PMSM is a balanced three-phase load with R = Ra = Rb = Rc and L = La = Lb =
Lc , 3.48 is rewritten to:
L =
R(t5 − t4)
l n( ia4ia5 )
(3.49)
As time t5 is always measured when ia5 = 0.33ia4, the inductance equation can further
be simplified to:
L =
R(t5 − t4)
l n( 10.33 )
= 0.902R(t5 − t4) (3.50)
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3.6 On-line (Closed-loop) parameter measurement
3.6.1 Overview
The on-line parameter estimator refines the parameters measured during the open-loop
parameter measurement cycle as well as account for any parameter changes that occur
during normal operation. This on-line parameter estimator is a non-intrusive observer
that estimates the machine parameters by analysing the response of the machine to the
commands of the controller. In normal operation, the parameter estimator will therefore
not issue any commands, but rather wait for certain measurement conditions to occur.
Parameters are estimated at critical points with the use of (3.51) when operating condi-
tions cause unwanted terms to become negligible small, thereby simplifying the machine
equations. Since the speed loop of the control system is optimally damped and therefore
has a small overshoot, all necessary measurement conditions are encountered during ro-
tor acceleration, deceleration or steady state operation. The PMSM parameter model is
described by [2]:
Vd = Rid + Ld
did
dt
− ωeLq iq
Vq = Rid + Lq
diq
dt
+ ωeLd id + ωeλm
Tm =
3
2
P (λm iq + (Ld − Lq )id iq )
dωe
dt
=
P
J
Tm − BJ ωe
(3.51)
3.6.2 Measure rotor flux magnitude
The rotor flux magnitude λm is estimated during free spin when the id and iq current
components are zero. As the PWM switching frequency is much higher than that of the
speed-loop and the average voltage-drop across an inductor is zero, the high frequency
voltage ripple caused by the inductor component Lq
diq
dt is removed by means of low pass
filtering. The quadrature voltage equation Vq = Rid + Lq
diq
dt − ωeLd id + ωeλm is then
simplified so that the rotor flux magnitude λm is estimated with:
λm =
Vq
ωe
(3.52)
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3.6.3 Estimate mechanical parameters
Since this is a non-salient pole machine (therefore Lq = Ld), the generated torque is
calculated from:
Tm =
3
2
P λm iq (3.53)
The PMSM mechanical rotor model is described by: J1αe = PTm − B f ωe . The rotor
electrical acceleration is described by αe =
dωe
dt . The friction-coefficient B f is estimated
with the mechanical model during steady state operation when αe = 0. The friction-
coefficient is therefore calculated by:
B f =
PTm
ωe
(3.54)
Once the friction-coefficient B f is known, the moment-of-inertia is estimated during rotor
acceleration or deceleration with:
J1 =
PTm − B f ωe
αe
(3.55)
3.7 Parameter measurement results
3.7.1 Test-bench parameter measurement results
A phase resistance of 0.2Ω and a phase inductance of 143 µH are measured between a
single-phase terminal and the neutral terminal with a precision LCR meter, as shown in
3.1.
During BEMF-constant measurement the rotor of the IDRFPMSM was spun at 52.2 rpm
with the electric drill, as shown in Figure 3.2. The BEMF waveform generated between
the neutral point and a phase terminal is shown in Figure 3.18. Figure 3.18 shows that
a 5.88 Hz sinusoidal BEMF voltage curve is generated with a peak voltage of 3.68 V
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Figure 3.18: Phase-to-neutral BEMF waveform with rotor spinning at 52.2 rpm
The BEMF constant Ke is calculated by:
Ke =
Vposit ive pe akP
2pi fg ener at ed
= 0.7964 V .secr ad (3.56)
During mechanical parameter measurement a weight of 110 g was attached to the outside
of the machine rotor as shown in Figure 3.19.
IDRFPMSM
Rotor
J1Stator
m2
Fg
θ
Ft
d
e
f
θ
l
Figure 3.19: Pendulum test setup
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An impulse was applied by pulling the weight to an angle of θm =77.1
◦ and released. The
rotor oscillated with decaying amplitude, as shown in 3.20.
0
R
ot
or
an
gl
e
[D
eg
re
e]
Time [s]
y(t)=ke-σtsin(ωdt)
y(t1)
t1
y(t2)
t2
Figure 3.20: Rotor-angle oscillation during pendulum impulse-response test
The rotor was released at time t1. At time t2 the rotor completed a full oscillation. The
rotor angle and time measurements are shown in Table 3.1.
Table 3.1: Time and rotor-angle measurements of a full oscillation period
t1 t2 y(t1) y(t2)
0 sec 4.55 sec 77.14 ◦mechanical 48.7 ◦mechanical
The complex components σ and ωd are calculated with the measurements in Table 3.1
as:
σ =
1
t2 − t1 l n
(
y(t1)
y(t2)
)
= 0.134 r adsec (3.57)
and
ωd =
2pi
(t2 − t1) = 1.381
r ad
sec (3.58)
The natural angular frequency ωn is:
ωn =
√
ω2d + σ
2 = 1.387 r adsec (3.59)
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and the damping ratio ζ is:
ζ =
σ
ωn
= 0.0967 (3.60)
The moment-of-inertia was calculated with:
J1 =
m2g l
ω2n
−m2l 2 = 0.1396 N .m .sec2r ad (3.61)
and friction-coefficient with:
B f = 2ζωn(J1 +m2l 2) = 0.0395 N .m .secr ad (3.62)
3.7.2 Open-loop parameter measurement results
Now let us take a step back and see the forest from the trees and recap all the steps
taken during the open-loop parameter-estimation method. The open-loop parameter
measurement cycle was performed at inverter power-on. Figure 3.23 shows the phase-A
current measurement graph of the entire open-loop parameter measurement cycle. As
shown in Figure 3.21, at time t = 0, phase B and C low-side switches Q5 and Q6 are
switched on and a 50 kHz PWM signal with an initial 0 % duty cycle is applied to the
phase A high-side switch Q1. The duty cycle is linearly increased till a current of 1 A
flows in phase A. The voltage magnitude at Vac(av g ) is kept constant for 1.25 seconds to
allow the rotor to move to the zero position and any oscillation to subside. The stator
coil resistance is calculated by 3.63 with the applied average voltage Vac(av g ) and the
resultant phase current Ia.
Ra = Rb = Rc =
2Vac(av g )
3Ia
= 0.226Ω (3.63)
Q5 Q6
Q1
48 V
isupply
ifreewheeling
PWMA−h
12V12V
iphase A iphase A
Phase A
iphase B Phase B
iphase C Phase C
Three phase bridge
IDRFPMSM
Figure 3.21: Zero rad alignment circuit
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An impulse is now applied by instantaneously shifting the stator field from zero to pi6
rad. This is done by switching the phase C low-side switch Q6 on and applying a 50 kHz
PWM signal with duty cycle D to the phase A high-side switch Q1 , the phase B low-side
switch Q5 is switched off as shown in Figure 3.64. Duty cycle D is calculated so that a
current of 1 A flows in phase A:
D =
(Ra + Rb )Ia
Vinput
= 0.0094 (3.64)
Q6
Q1
48 V
isupply
ifreewheeling
PWMA−h
12V
iphase A Phase A
Phase B
iphase C
Phase C
Three phase bridge
IDRFPMSM
Figure 3.22: pi6 rad alignment circuit
Once the impulse is applied, the rotor oscillates around the pi6 rad stator field with decaying
amplitude. Figure 3.23 shows the resultant phase A current oscillation with a dc voltage
source connected between the phase A and C terminals of a machine with oscillating
rotor and therefore oscillating BEMF voltage. After the rotor oscillation subsides at 6.24
seconds, the stator inductance is measured with the inductance discharge test.
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Figure 3.23: Measured phase-A current during entire open-loop parameter measurement cycle
Figure 3.24 shows an enlarged view of the phase A current oscillation. Please take note
of indicated measuring points t0, t1, t2 and t3 in Figure 3.24.
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Figure 3.24: Enlarged view of measured phase A current during rotor oscillation
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Since an impulse angle of pi6 rad is applied:
k =
− pi6
eσ(0)s in(ωd (0) + 3pi2 )
=
− pi6
s in(3pi2 )
= pi6 r ad (3.65)
The complex components ωd and σ are calculated with the time measurement t0, t2 and
t3 by:
ωd =
1
2pi
t2 − t0 = 11.38
r ad
sec (3.66)
σ =
ωd cos(ωd (t3 − t0) + 3pi2 )
s in(ωd (t3 − t0) + 3pi2 )
= 0.26 r adsec (3.67)
The natural circular frequency ωn is calculated with:
ωn =
√
ω2d + σ
2 = 11.39 r adsec (3.68)
and the damping ration ζ is calculated with:
ζ =
σ
ωn
= 0.023 (3.69)
Equations for the rotor’s angular position θe and angular velocity ωe is calculated from
the above constants as:
θe (t ) = pi6 e−0.26t s in
(
11.38t + 3pi2
)
+ pi6 (3.70)
ωe (t ) = dθe (t )dt =
pi
6 e
−0.26t (−0.26s in(11.38t + 3pi2 ) + 11.38cos(11.38t + 3pi2 )) (3.71)
The time and current measured at measuring point t1 is now used to calculate the rotor
flux magnitude λm by:
λm =
Va−c(av g ) − ia(min)(Ra + Rc )
ωe (t1)(s in(−θe (t1) + pi6 ) − s in(−θe (t1) + 3pi2 ))
= 0.0452 V .sr ad (3.72)
and
Ke = P λm = 0.633 V .secr ad
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The average phase A current Ia is used to calculate the moment of inertia with:
J1 =
3P 2λm ia
2ω2n
= 0.103 N .m .sec
2
r ad (3.73)
and the friction coefficient is calculated by:
B f = 2ζωn J1 = 0.0531 N .m .secr ad (3.74)
After the rotor oscillation has subsided and the phase A current has a constant value once
again, an inductor discharge test is used to identify the stator phase inductance. This is
done by instantaneously switching the phase A high-side switch Q1 off and switching the
phase A low-side switch Q4 on while keeping phase C low-side switch Q6 on, as shown
in Figure 3.25. The stator inductance now discharges through the stator resistance with
the current path, as shown in Figure 3.25.
Q4 Q6
iphase A/C
12V 12V
iphase A Phase A
Phase B
iphase C
Phase C
Three phase bridge
IDRFPMSM
Figure 3.25: Current discharge circuit
Figure 3.26 shows a zoomed view of a measured phase A current curve during the in-
ductor discharge test. Measuring point t4 is recorded just before the discharge test is
implemented and measuring point t5 is recorded when the phase current has decayed to
33 % of the value at t4. The stator coil inductance is now measured with:
L =
R(t5 − t4)
l n( 10.33 )
= 0.902R(t5 − t4) = 147 µH (3.75)
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Figure 3.26: Enlarged view of measured phase A current during inductor discharge test
3.7.3 Comparison between parameter measurement methods
Figure 3.2 shows the PMSM parameter measurement results of the different methods
discussed in this chapter. The first column indicates the parameter names, the second
column their units and the third column shows the measured test-bench results. The
measurement taken with the test-bench method is used as a reference with which to
compare the results of the sensorless methods. The fourth column shows the results
obtained with a Texas Instrument DRV8301-69M kit and the accompanying InstaSPIN
software. The measurements in columns three and four in Figure 3.2 correlate well. The
fifth column shows the measurements recorded with the on-line method and the sixth
column those recorded with the open-loop method. The results produced by the open-loop
method show accurate stator resistance and stator inductance, but less accurate rotor-flux
magnitude, friction coefficient and moment of inertia. The on-line method has showed
better measurement accuracy but requires closed-loop operation. The control-system
requires a moderately accurate machine-model for stable closed-loop operation. Both
the open-loop and on-line methods therefore needs to be implemented. At system start-
up the open-loop method measures a rough estimate of the machine-parameters which
allow for stable closed-loop operation. The on-line method later refines the parameters
measured during closed-loop operation.
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Table 3.2: IDRFPMSM parameter measurement results
Parameter Unit Testbench InstaSPIN Online Openloop
R Ω 0.2 0.199 - 0.226
L µH 143 131 - 147
Ke V ·secr ad 0.7964 0.699 0.65 0.633
B f N ·m·secr ad 0.0395 0.042 0.045 0.0531
J N ·m·sec2r ad 0.1396 0.143 0.128 0.103
3.8 Chapter conclusion
An accurate machine-model is essential to closed-loop control, sensorless position and
velocity estimation. This chapter introduces different methods to identify the PMSM
parameters. This chapter starts by introducing an accurate test-bench parameter mea-
surement technique. If a rotor position sensor is available, this test-bench technique is by
far the easiest method of machine parameter identification. The MSF-sensor introduced
in the previous chapter was used in the test-bench setup, however, any linear rotor posi-
tion sensor with sufficient resolution can be used. Sensorless PMSM parameter estimation
is a more complex endeavour. This chapter tackles this challenge in two phases. First an
impulse test is used to obtain a rough estimate of the system parameters. The full ana-
lytical description of the PMSM’s behaviour during this impulse test is discussed. These
rough-estimate parameters are accurate enough to allow for stable closed-loop operation.
The on-line method can next be used to refine the PMSM parameters.
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Chapter 4
Hardware design
4.1 Hardware design chapter overview
The decisions on critical hardware design made during the development of the inverter
are discussed in this chapter. Two consecutive versions of the inverter were developed
during this project. The purpose of the first circuit board was to demonstrate proof of
concept and to eliminate any errors. Even though the circuit functioned correctly, this
first circuit board had noise problems, which could be traced to poor PCB layout. The
noise reduction techniques are discussed in the literature study section of this chapter.
The most effective noise reduction techniques were implemented in the second version of
the circuit board, solving the noise and ringing problems completely.
The two design objectives are the highest inverter efficiency and smallest PCB size.
Throughout the chapter much emphasis is placed on reducing the power dissipated in
each component as well as reducing component size where possible. This chapter only
presents the power dissipated in each circuit region.
4.2 Chapter outline
Research relevant to the development of the inverter is presented in the literature study
section in 4.3. The design of the two consecutive inverter versions is discussed in 4.4,
followed by the measured inverter efficiency in 4.5 and chapter conclusion in 4.6.
65
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4.3 Literature study related to hardware design
4.3.1 Background
As the demand for smaller and more efficient power supplies becomes more important,
faster power supply switching times are required. These fast switching times could cause
the following undesired phenomena [22]: Fast switch-node voltage transition can cause
inadvertent low-side MOSFET turn-on that could generate shoot-through currents and as
a result reduced inverter efficiency and could even lead to inverter failure. In addition the
fast switching times cause voltage ringing on the switch-node which in turn contributes
to the noise of the system, and could cause device failure in severe cases if the maximum
voltage ratings are exceeded.
Figure 4.1 shows a block diagram of a three-phase MOSFET-bridge. The three-phase
MOSFET-bridge and three-phase motor could be viewed as three identical synchronous
buck-converters. In this subsection the discussion focuses specifically on a single syn-
chronous buck-converter and the results could be duplicated in all three phases.
Q4 Q5 Q6
Q1 Q2 Q3
48 V
isupply
ifreewheeling
PWMA−h PWMB−h PWMC−h
PWMA−l PWMB−l PWMC−l
RA RB RC
VlowA VlowB VlowC
VmidA VmidB VmidC
iphase A iphase A
Phase A
iphase B Phase B
iphase C Phase C
Three phase bridge
IDRFPMSM
Figure 4.1: The three-phase MOSFET-bridge
4.3.2 Inadvertent low-side MOSFET turn-on due to fast switch-node
voltage transition
Figure 4.2 shows a schematic-diagram of a synchronous buck-converter. Please take note
of the ”switch-node” label.
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−
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VIN ControlIC
Switch node
Figure 4.2: Schematic diagram of a synchronous buck-converter
Figure 4.3 shows a MOSFET-model with the following parasitic components: Drain-to-
gate capacitance CDG , gate-to-source capacitance CGS and the parasitic transistor in the
MOSFET structure with its base-to-source resistor RBS and the base-to-drain capacitor
CBD [23].
ZGS
Gate
CGS
CDG
Drain
Source
CDB
RBS
Figure 4.3: MOSFET model [23]
When the low-side MOSFET is conducting, its drain-to-source voltage is small. If the
low-side MOSFET is switched off and the high-side MOSFET is switched on, the voltage
across the low-side MOSFET rapidly increases, causing a current to flow through the
drain-to-gate capacitor CDG , gate resistance RG and through the gate-driver to ground. If
the voltage-change occurs too quickly and the gate-driver cannot drain the low-side gate-
charge fast enough through the gate-resistance, the low-side gate-to-source voltage rises.
Should the low-side gate-to-source voltage rises above the low-side MOSFET threshold
voltage, the low-side MOSFET switches on, causing a shoot-through current. [23].
The internal parasitic transistor of the MOSFET should also be considered. Should the
drain-to-source voltage
dVds
dt changes too quickly, the voltage across the internal base-
to-source resistor RBS could cause the base-emitter junction of the internal parasitic
transistor to be forward biased and could lead to device failure [23].
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 4. HARDWARE DESIGN 68
4.3.3 Voltage ringing phenomenon caused by parasitics
There are two major concerns regarding switch-node voltage ringing: The voltage over-
shoot could damage components if their maximum voltage-ratings are exceeded. The
voltage ringing also contributes to conducted and radiated electromagnetic noise [24].
Figure 4.4 shows a schematic diagram of a synchronous buck-converter. Please take
note of the parasitic components indicated in red. The switch-node ringing phenomenon
is caused as follows [24], [25]: During the time period when the low-side MOSFET is
switched on, current is conducting from source-to-drain through the low-side MOSFET.
During the dead-time period after the low-side MOSFET is switched off, current is con-
ducting through the low-side MOSFET body-diode and energy is stored in the low-side
parasitic inductances. The high-side MOSFET is switched on after the dead-time period.
The low-side parasitic inductances want to discharge its stored energy, thereby forcing
the low-side body-diode to conduct and raising the switch-node voltage above the bus-
voltage level (causing the first switch-node voltage overshoot). Once the energy stored in
the low-side parasitic inductances is depleted, current flows from the supply-rail through
the parasitic inductances to raise the low-side body-capacitance voltage to bus-voltage
level. The parasitic inductances will once again discharge its stored energy into the low-
side body-capacitance causing its voltage to rise above the bus-voltage level. The low-side
body-capacitance then discharges through the low-side parasitic inductances once again
and the cycle is repeated.
−
+
−
+
VIN
Q1
Q2 CDS
LDrain
LSource
LDrain
LSource
LPhase
RPhase
High side
driver
CBootstrap
Low side
driver
Figure 4.4: Synchronous buck-converter with parasitic components
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 4. HARDWARE DESIGN 69
Figure 62 shows an example graph of the switch-node voltage ringing due to parasitic
components when the high-side MOSFET is switched on.
Figure 4.5: Switch-node voltage ringing due to parasitic components [24]
4.3.4 Parasitic ringing suppression methods
There are a couple of methods suggested to prevent and suppress switch-node voltage
ringing. These methods include: correct PCB layout, adding a MOSFET series gate
resistance, adding a discharge diode to the gate resistance, adding a bootstrap resistance
and adding a snubber circuit.
Correct PCB layout
Parasitic ringing can be significantly reduced by careful PCB layout as discussed in
[24],[26]. One of the components singled out in the discussion in [24] is the input capacitor.
The track distance between the input capacitor and the high-side MOSFET drain as well
as the track distance between the input capacitor and the low-side MOSFET source
should be as short as possible to minimise the parasitic (track) inductance. In typical
PCB layouts a compromise is made to have one short track and the other longer. Figure
4.6 suggested a synchronous buck PCB layout that minimises both input capacitor track
lengths [24]. Figure 4.6 shows the input-capacitors positioned right next to the high-side
MOSFET drain and low-side MOSFET source. Two PCB layouts (a typical layout and an
optimised layout) were tested by the author in [24] and found a 20% reduction in ringing
amplitude with the optimised PCB layout compared to the typical PCB layout. The
author further stated the importance of using ceramic capacitors for the input capacitor
due to its inherently low equivalent series inductance (ESL) and low equivalent series
resistance (ESR).
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Figure 4.6: Synchronous buck PCB-layout that minimises input capacitor track length[24]
Gate resistance
The ringing can be reduced or prevented by slowing down the high-side MOSFET turn-
on time. This is accomplished by adding a series high-side gate resistance as shown in
Figure 4.7, which is discussed in [24] and [27].
PWM
12 V
Vcc
RGateCBootstrap
DCharge
12V
Figure 4.7: Synchronous buck-converter with high-side gate resistance
Gate resistance with discharge diode
The ringing occurs only when the high-side MOSFET is switched on. Adding a high-
side MOSFET gate resistance will slow-down the switch-on and switch-off times, thereby
increasing switching-losses in both transitions [24]. Since only the high-side switch-on
time needs to be slowed down, the high-side switch-off time remains short if an additional
discharge path is provided. The discharge path is provided by adding a gate-discharge
diode in parallel to the high-side gate-resistor, as shown in Figure 4.8. The high-side gate
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now slowly charges through the gate-resistor and discharge quickly through the diode at
switch-off.
PWM
12 V
Vcc
RGate
DGate
CBootstrap
DCharge
12V
Figure 4.8: Synchronous buck-converter with high-side gate charge resistance and discharge
diode
Bootstrap resistor in series with the bootstrap capacitor
Slow high-side switch-on and fast switch-off can also be achieved by adding a bootstrap
resistor in series with the bootstrap capacitor, as shown in Figure 4.9 and discussed in
[24], [27] and [26]. The biggest concern with adding a bootstrap resistor is since the
bootstrap capacitor charges through the bootstrap resistor during the low-side on-state,
the bootstrap capacitor might not be able to replenish its charge during short low-side
on-state times (therefore high switch-node duty cycle).
PWM
12 V
Vcc
CBootstrap
RBootstrap
DCharge
12V
Figure 4.9: Synchronous buck-converter with bootstrap resistor
Snubber circuit
Switch-node ringing can also be suppressed by adding a snubber circuit, as discussed
in [24], [27] and [26]. A synchronous buck-converter with a snubber circuit is shown in
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Figure 4.10. A snubber circuit consists of a capacitor in series with a resistor connected
between the switch-node and ground. The snubber capacitor value is calculated so that
the high-frequency ringing energy is dissipated in the snubber resistor thereby suppressing
the switch-node ringing above the selected frequency range. Snubbers tend to be quite
lossy and will therefore not be implemented in this PCB layout.
PWM
12 V
Vcc
CBootstrap
DCharge
12V
RSnubber
CSnubber
Figure 4.10: Synchronous buck-converter with snubber circuit
Noise isolation - Ground plane design
Williams at al. [28] stated that designing for good electromagnetic compatibility (EMC)
starts with controlling the flow of interference into and out of electronic devices. All
active devices generate some degree of interference. To improve EMC, barriers are placed
to divert or absorb interference before entering or exiting a circuit.
Since the copper tracks on the PCB has resistance, according to Ohm’s law, a current
flowing through the PCB tracks will cause a voltage drop across it. This therefore means
that two different points on the same current-conducting track (or conductive area) is
not at the same voltage potential. Should this current be a square-wave signal, according
to Fourier-series expansion a whole spectrum of harmonics is generated. This is a cause
of PCB noise. The effect of this noise can be minimised in two ways: By using ground
planes the resistance between two ground points can be minimised and therefore smaller
noise amplitude is generated. Secondly, separate ground plane areas with only one entry
point ensures current that does not belong in a certain area cannot flow in that area.
Noise isolation - Noise shielding with ferrite beads
Ferrite chokes or sleeves are added regularly to cables to reduce incoming and outgoing
RF noise between electronic devices. The same technique can be applied to a PCB [29].
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Ferrite beads used in conjunction with bypass capacitors can provide improved power
supply filtering and decoupling [30]. These ferrite beads consist of conductive wires
inserted through hollow ceramic beads. At low frequencies ferrite beads act as normal
inductors. As the frequency is increased, the eddy-current core-losses increase causing
the ferrite bead resistance to rise. Above a certain frequency the self-capacitance of
the inductor takes over and the capacitive reactance dominates causing the ferrite bead
resistance to fall again [31]. Resistive bands of ferrite beads are normally above 10 MHz.
The ferrite bead should be chosen so that the target noise frequencies fall within its
resistive band. Figure 4.11 shows a diagram of how to use a ferrite bead in conjunction
with a bypass-capacitor [30].
Lfilter
Cfilter
VSS
IC
VDD
3.3 V
Figure 4.11: Ferrite bead used in conjunction with a bypass-capacitor
Ferrite beads can be divided into: High quality-factor (Q-factor) ferrite beads used for
resonating circuits and low Q-factor ferrite beads used for noise shielding as discussed in
this subsection. The Q-factor describes the relation between the inductance and resistance
of the inductor. When designing this LCR filter, care should be taken to add sufficient
resistive dampening should the resonant peak of the filter fall within the inductive region
of the ferrite bead.
4.4 Inverter design
4.4.1 Overview
Figure 4.12 shows a block diagram of the first version of the inverter circuit board.
To simplify the explanation, this block diagram is divided into a microcontroller block,
MOSFET gate-driver block and a MOSFET bridge block as shown in red, green and blue
respectively.
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Figure 4.12: Block diagram of the first version of the inverter circuit board
4.4.2 Microcontroller block
Starting with the microcontroller block, in this project an online parameter estimator
measures the machine parameters during closed-loop sensorless vector-control operation.
A high-end microcontroller is required as this algorithm is computing intensive and re-
quires both floating-point and trigonometric calculations. The following peripherals are
required as shown in Figure 4.12: a capture and compare module (eCAP) to measure the
MSF-sensor PWM output; a quadrature encoder module (eQEP) to read a rotary position
sensor output (optional); a SPI module to initialise the DRV8301 control and protection
logic registers; six MOSFET-gate PWM output pins; and three analogue-to-digital con-
verter (ADC) pins to measure the two phase currents and the scaled and filtered supply
voltage. The Texas Instruments TMS320F28069 microcontroller was chosen as it has a
dedicated 32-bit floating-point processor, it can operate with a 90 MHz clock frequency
and it has all the peripherals required for the project.
4.4.3 MOSFET gate-driver block
The IDRFPMSM is a 48 V machine. The inverter therefore needs to be able to operate
from supply voltages exceeding 48 V. The external position sensors require a 5 V supply-
rail. The microcontroller requires a 3.3 V supply-rail. A buck-converter is used to step
the 48 V-bus down to 5 V. A 3.3 V linear regulator (TPS73633) is used to step 5 V to
3.3 V. A current of 0.13 A is expected on the 3.3 V bus resulting in 0.44 W dissipated in
the 3.3 V circuitry and 0.23 W dissipated in the 3.3 V linear regulator.
A few IC developers, including Texas Instruments, Microchip and Renesas, manufacture
all-in-one: buck-converter, three-phase gate driver and shunt-amplifier IC devices. Texas
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Instruments is the only manufacturer of devices that can operate at bus-voltages of up
to 60 V. The Texas Instruments DRV8301 is chosen. This will allow a 12 V safety margin
(48 V to 60 V) during regenerative breaking. The DRV8301 has a built-in buck-converter
controller, a three-phase gate driver, software-settable shunt amplifiers (which is settable
through SPI) and control-and-protection logic, as shown in Figure 4.12.
4.4.4 Buck-converter design
Figure 4.13 shows the buck-converter circuit diagram. The high-side switch, gate driver
and controller are embedded in the DRV8301 device. The external components consist
of the bootstrap capacitor C54, the freewheeling diode D12 and LC-filter consisting of
L15 and C55. Resistors R34 and R37 form a voltage divider that supplies the controller
with feedback. A current of 0.2 A is expected on the 5 V rail, which is dependent on the
current demand of position sensor used. The buck-converter is designed to deliver an
acceptable efficiency while keeping the PCB footprint small and the voltage ripple low.
A buck-converter switching frequency of 581 kHz was chosen to keep switching-losses low.
Since a fairly constant current is drawn, a maximum inductor current ripple of 0.2 A is
chosen. The inductor-current therefore oscillates between 0.1 A and 0.3 A when a 48 V-
supply is used. This larger inductor current ripple keeps the inductance value lower,
thereby keeping the physical inductor size smaller. The inductor L15 is calculated with:
L15 =
Vout (Vin −Vout )
Vin fswit cℎ∆iL15
= 38µH (4.1)
An output voltage ripple of 0.001 V is chosen. The capacitor C55 is calculated with:
C55 =
Vout (Vin −Vout )
8Vin f 2swit cℎL∆VC55
= 43µF (4.2)
The larger inductor current ripple results in higher current flowing into and out of C55.
Ceramic capacitors have very low equivalent-series resistance (ESR) and would therefore
cause the least amount of conduction losses.
The controller comparator has a 0.79 V reference. The feedback scaling is chosen so that
a 5 V output will produce a feedback of 0.79 V. Voltage divider resistor R37 is chosen as
10 kΩ. Resistor R34 is calculated with:
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R34 =
R37(Vout −Vr e f )
Vr e f
= 53.3kΩ (4.3)
A total of 0.17 W is dissipated in the buck-converter circuitry, giving it a conversion
efficiency of 60.6%. Since the power delivered to the 5 V rail is very low, the buck-
converter efficiency has little influence on the overall system efficiency. During normal
operation the DRV8301 device draws a constant 15 mA current. With a 48 V supply the
DRV8301 will dissipate 0.75 W.
DRV8301 buck converter module
Buck converter
controller
High side
gate drive
48 V
L15
C55D12
5 V
C54
R34
R37
Figure 4.13: Buck-converter circuit diagram
4.4.5 Bus-voltage measurement
The firmware algorithm uses the bus-voltage measurement for duty-cycle calculation and
overvoltage detection. A voltage divider consisting of R7 and R10 scales the bus voltage
to an acceptable measurement range, as shown in Figure 4.14. Resistor R7 is chosen as
100 kΩ to minimise the voltage-divider current and power dissipated. The value of R10 is
calculated so that the analogue-to-digital converter pin of the microcontroller measures
a full-scale deflection of 3.3 V at a bus-voltage of 73 V. The 25 V safety margin ensures
the microcontroller will not be damaged during overvoltage or surge conditions. Resistor
R10 is given by:
R10 =
VADC maxR7
Vbus max −VADC max
=
3.3V ∗ 100 kΩ
73V − 3.3V = 4.7kΩ (4.4)
The MOSFET bridge PWM signals generate a full spectrum of harmonics as described
by Fourier series expansion. A filter capacitor is added to the voltage-divider circuit to
retain only the lower harmonics. The low-pass filter cut-off frequency is chosen higher
than that of the speed loop so not to inhibit the control and overvoltage detection during
regenerative braking. Ultimately, the low-pass filter cut-off frequency has to be lower
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than the three-phase bridge switching frequency. A cut-off frequency of 300 Hz is chosen
that will cause a negligible phase shift (at the speed-loop frequency) but filter out most
unwanted noise. The filter capacitor C26 is calculated from:
C26 =
1
2pi fcutoff( R7R10R7+R10 )
=
1
2 ∗ pi ∗ 300 ∗ ( 100kΩ∗4.7kΩ
100kΩ+4.7kΩ )
= 118 nF (4.5)
The voltage divider dissipates 22mW in total with a supply voltage of 48V.
R7
R10C26
48 V bus
Scaled and filtered bus voltage
Figure 4.14: Bus-voltage scale and filter circuit
4.4.6 Three-phase MOSFET bridge
Figure 4.15 shows a block diagram of the three-phase MOSFET-bridge. The bridge
consists of six MOSFET switches, one high-side switch and one low-side switch for each
of the three phases. The IRFS3307Z N-channel power-MOSFET was chosen for the first
PCB since it has a fairly low on-state resistance of 4.5 mΩ and can handle a maximum
drain-source voltage and current of 75 V and 120 A respectively.
A 15 mΩ current-measurement resistor is connected between each low-side MOSFET
source pin and ground. The voltage drops across these resistors are amplified by the
software-settable shunt amplifiers of the DRV8301. The firmware algorithm uses these
amplified voltage drops to calculate the phase current of the machine.
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Figure 4.15: The three-phase-MOSFET-bridge
Figure 4.16 shows a picture of the first inverter PCB
Figure 4.16: First inverter PCB
4.4.7 Calculated efficiency of the first inverter PCB
The inverter losses are categorised under constant-losses, conduction-losses and switching-
losses. The constant-losses cover all the inverter losses except that found in the three-
phase bridge. All losses discussed thus far are constant-losses which are unaffected by
inverter power output. Conduction-losses are caused by current flowing through resistive
loads. The two largest conduction-loss contributors are the current-sense resistors (R49-
R51) and the bridge MOSFETs during their on-state (Q1-Q6).
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The switching-loss contributors consist of the power dissipated in the bridge-MOSFETs
while switching on and off as well as the power required to charge the MOSFET gate-
capacitance every time a MOSFET is switched on. The switching-losses contribute the
majority of the inverter losses and can be reduced by lowering the switching frequency.
The downside of this is as the switching frequency is lowered, the phase current ripple
increases. The peak phase current ripple is calculated using:
∆iL(pe ak) =
Vsuppl y
4Lpℎase fswit cℎ
(4.6)
where Vsuppl y is the supply voltage, Lpℎase is the phase inductance of the machine and
fswit cℎ is the PWM switching-frequency.
An increase in current-ripple size or frequency will cause an equivalent increase in eddy-
current losses in the machine [32], as well as an increase in inverter noise [28]. A specific
work point that provides acceptable efficiency and phase current ripple therefore needs
to be chosen.
Figure 4.17 shows the calculated peak-efficiency and peak phase current ripple of the
first inverter (when Vout=
1
2Vsuppl y) against switching frequency with the IDRFPMSM
spinning at a full speed of 300 rpm and phase current of 8.5 Arms . A peak current ripple
of 15.32 % is expected with a switching frequency of 50 kHz. This will ensure an inverter
efficiency of 97.69 % at 432 W output power.
The inverter efficiency is influenced by both the switching frequency and the power de-
livered to the load. The load power depends on the torque or current delivered as well as
the generated BEMF of the machine which is speed dependent. The inverter efficiency
declines to the same extent as the rotor speed or torque demand. Figure 4.18 shows the
inverter efficiency curve with a constant phase current and changing rotor speed. Above
100 rpm (150 W delivered to the load) the efficiency curve stays quite flat in the high
90 % efficiency range. Below 100 rpm the inverter efficiency declines very quickly. This is
due to lack of generated BEMF-voltage at this low rotational speed.
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Figure 4.17: Correlation between inverter efficiency, phase-current ripple and switching fre-
quency of the first inverter PCB
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Figure 4.18: Correlation between inverter efficiency and rotor speed
Figure 4.19 shows an inverter efficiency curve with a constant rotor speed of 300 rpm and
changing phase current. Similar to the speed curve in Figure 4.18, the inverter efficiency
stays quite flat above a phase current of 2 Arms . Below 2 Arms the inverter efficiency
quickly drops.
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Figure 4.19: Correlation between inverter efficiency and torque demand
As seen in both Figure 4.18 and Figure 4.19 the inverter efficiency is strongly influenced
by both the rotational speed and torque demand of the machine. It is therefore ideal to
keep the torque and rotational speed above a certain level to achieve acceptable efficiency.
4.4.8 Changes made in second inverter PCB design
Apart from a couple of minor changes, the circuit is essentially the same in the second
inverter PCB. The focus was rather to reduce noise levels. In this chapter the literature
study discusses methods of minimising ringing. The noise can further be reduced by
isolating certain circuit areas from the noise generated in other areas. These methods are
largely implemented in this subsection.
Figure 4.20 shows a block diagram of the second inverter circuit. The elements in blue
indicate changes made. A 3.3 V linear regulator that solely supplies the processor was
added to isolate the supply-rail of the processor from noise generated in other areas.
Sensorless trapezoidal control is also investigated. The BEMF zero crossings on the float-
ing machine terminals during trapezoidal control are used to estimate the rotor position.
Voltage-dividers with low-pass filter capacitors were used to scale and filter the machine
terminal voltage similar to that used for the bus voltage measurement earlier in this
chapter, but now designed with a 2 kHz cut-off frequency.
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Figure 4.20: Block diagram of second inverter circuit board
Figure 4.21 shows a picture of the second inverter PCB. The circuit layout suggested in
[24] to minimise the distance between the input capacitor and low-side MOSFET source
pin and high-side MOSFET drain pin is implemented at label a. The MOSFET gate
resistors were added to slow down switch-on times and reduce ringing as suggested in
[24].
Figure 4.21: Second inverter PCB
Second-order low-pass filters consisting of ferrite beads in conjunction with bypass capaci-
tors were added to all IC supply pins to act as filters and protect the device against voltage
spikes as suggested in [30]. The filter is designed so that the resonant peak frequency
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falls in the resistive region of the ferrite bead and is therefore sufficiently damped. Figure
4.22 shows a circuit diagram of the second-order ferrite bead bypass capacitor filter. [30].
Lfilter
Cfilter
VSS
IC
VDD
3.3 V
Figure 4.22: Ferrite bead used in conjunction with a bypass-capacitor
Figure 4.23 shows the second inverter PCB’s ground plane Williams et al. [28] suggested
that the noise generated in certain circuit areas could be reduced by preventing unwanted
currents from flowing in that areas. This is implemented by dividing the ground plane up
into separate areas which are only connected at a single point, as shown in Figure 4.23.
Figure 4.23: Second-inverter PCB ground-plane
It was later decided to further improve the inverter efficiency by replacing the three
15 mΩ current sense resistors with two ACS711 Hall current sensors which has only
1.6 mΩ resistance. Figure 4.24 shows the current sensors (in blue) added to the inverter
block diagram. The bridge MOSFETs were also changed to CSD19502Q5B which has
significantly faster switching times, lower on-state resistance and less parasitic inductance
than the IRFS3307Z used in the previous version.
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Figure 4.24: Block diagram of second inverter circuit board with Hall current sensors
Figure 4.25 shows the developed current sensor PCB. Please take note that only two-
phase current measurements are needed as the machine is a balanced three-phase load.
The third-phase current is calculated from the other two measurements.
Figure 4.25: Current sensor PCB
Figure 4.26 shows a picture of the current sensor PCB installed onto the second inverter
PCB.
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Figure 4.26: Current sensor PCB installed onto second inverter PCB
4.4.9 Calculated efficiency of second inverter PCB
Figure 4.27 shows the calculated peak efficiency and peak phase current ripple of the
second inverter (when Vout=
1
2Vsuppl y) as a function of the switching frequency with the
IDRFPMSM spinning at a full speed of 300 rpm and phase current of 8.5 Arms . The
inverter efficiency has been increased from 97.7 % to 98.95 % by improved design and
component choices.
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Figure 4.27: Correlation between second inverter efficiency, phase current ripple and switching-
frequency
4.5 Second inverter PCB performance results
Figure 4.28 shows the switch note voltage measured between an inverter output terminal
and ground. This graph shows that the machine has a period of 20 µsec, therefore a
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50 kHz PWM frequency.
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Figure 4.28: Measured PWM voltage signal
Figure 4.29 shows a zoomed view of a rising transient presented in Figure 4.28. Figure
4.29 shows that the PWM signal has a 10-90 % rise-time and fall-time of 25 ns. The
changes made in the second inverter version ensured that despite this fast switching
times, the ringing overshoot was dampened to a mere 6.1 %
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Figure 4.29: Measured rise time and ringing
Figure 4.30 shows the measured inverter efficiency against load current. These measure-
ments were made by connecting three potentiometers in series with the three IDRFPMSM
phases and applying a stator field at 0◦ electrical. A supply voltage of 50 V was used.
Three graphs are shown: one for a 48 V output, one for a 22.6 V output and one for a 4.7 V
output. The three graphs show the effect that the BEMF (or rotational speed) has on
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inverter efficiency. As the load current is increased the inverter efficiency also increases
as shown in Figure 4.30. The black graph shows that the second inverter PCB has a
maximum inverter efficiency of 98.77 % at an output voltage of 48 V and a load current of
10 A. These measured efficiency curves correlate well with the calculated efficiency graphs
presented earlier in this chapter.
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Figure 4.30: Measured inverter efficiency with different output voltages
Figure 4.31 shows the measured current ripple with a phase current (load current) of
2.76 A. The measured current ripple of 15.94 % correlates well with the 15.32 % theoreti-
cally calculated value.
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Figure 4.31: Measured current ripple
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4.6 Chapter conclusion
This chapter introduced the two inverter versions that were developed during the course
of this project. The two main design constraints were highest inverter efficiency and
smallest PCB size. An in-depth study and explanation was presented on the influence
on inverter efficiency and current ripple. The first version of the inverter functioned
correctly but had severe ringing and noise problems. Research done showed that noise
and ringing could be significantly reduced by clever board layout and component choices.
The addition of MOSFET bridge gate resistors slowed the switching transients down,
thereby dampening the ringing further. The noise problem was solved by implementing
these methods in the second version of the inverter. Throughout this chapter there exists
a strong correlation between calculated and measured results. With the IDRFPMSM the
final measurements show an inverter efficiency of up to 98.77 % with a current ripple of
15.94 %.
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Closed-loop system integration
5.1 Chapter introduction
Permanent-magnet synchronous machines (PMSM) became very popular due to their high
efficiency, high operating speeds and high power density, etc. [10]. To achieve peak driving
efficiency with a PMSM, the stator field is applied with a vector direction perpendicular
to the rotor position at all times. This in turn requires rotor-angle measurements. The
current position of the rotor is required continuously, and therefore, many applications
use shaft-mounted position sensors. In this chapter a sensorless rotor-position approach
will be studied.
5.2 Chapter structure
A system overview is presented that explains the interaction between all the elements in
the embedded system in 5.3. In the literature study section in 5.4 a deeper look is taken
at the design of each of the elements, then the system design is discussed in 5.5, followed
by the closed-loop system results in 5.6.
5.3 Closed-loop system overview
Figure 5.1 shows a block diagram of the entire embedded system. Assume that at start-
up the open-loop parameter estimator was able to identify all the important machine
parameters. The system continues to operate normally.
The control structure used is based on the standard sensorless architecture. During nor-
mal operation (motor running), the following actions are performed: The Clarke trans-
89
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form converts the phase current measurements from a three-axis stationary reference
frame (ia, ib and ic ) to a two-axis stationary reference frame (iα and i β). The current
observer (rotor-position estimator) is implemented in the two-axis stationary reference
frame (αβ-plane). The current observer uses the iα, i β , Vα and Vβ measurements to es-
timate the rotor position. The Park transform converts the two-axis stationary reference
frame current measurements ( iα and i β) to the two-axis rotating reference frame ( id and
iq). The control system is implemented in the dq-plane. The output voltage-command of
the control system is converted from a two-axis rotating reference frame ( Vd and Vq) to
a two-axis stationary reference frame ( Vα and Vβ). From here the SVPWM conversion
algorithm calculates the three-phase duty cycle values and sets the appropriate peripheral
registers.
An online-parameter estimator is implemented to refine the open-loop parameter mea-
surements and to keep the system parameters up to date. This online-parameter esti-
mator is a non-intrusive observer that uses the current and voltage measurements in the
dq-plane to estimate the machine parameters.
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parameter
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Figure 5.1: Block diagram of the entire embedded system
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5.4 Literature study related to closed-loop system
integration
5.4.1 Clarke transform
The Clarke transform is used to convert the three-phase current measurements of the
machine from a three-axis stationary reference frame (ia, ib and ic ) to a two-axis two-
phase orthogonal stationary reference frame (iα and i β) [33] [34]. Figure 5.2 shows the
three-axis as well as the two-axis reference frames on the same graph.
ia
iα
iβ
ib
ic
imagnitude
θe
30◦
30◦
Figure 5.2: Clarke transform axis
From Figure 5.2 the axis conversion is performed by:
iα = ia − ib sin 30◦ − ic sin 30◦ =
3
2
ia (5.1)
i β = ib cos 30◦ − ic cos 30◦ =
√
3
2
(ib − ic ) (5.2)
5.4.2 Park transform
The two-axis orthogonal stationary reference-frame current measurement (iα and i β) are
converted to a two-axis rotating reference frame (id and iq) with the Park transform [33].
Figure 5.3 shows the stationary reference-frame axis and the rotating reference-frame axis
where θe is the electrical rotor angle. The direct component id is aligned with the rotor
of the machine. The quadrature or torque component iq is perpendicular to the direct
component.
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iα
iβ
id
θe
iq
θe
Figure 5.3: Park transform axis
The id and iq components are calculated with:
id = iα cos θe − i β sin θe (5.3)
iq = −iα sin θe − i β cos θe (5.4)
5.4.3 Inverse-Park transform
The output-voltage command of the control system is converted from a two-axis rotating
reference frame (Vd and Vq) to a two-axis stationary reference frame (Vα and Vβ) with
the Inverse-Park transform [33]. Figure 5.4 shows the rotating reference frame as well as
the stationary reference frame on the same axis.
id
θe
iq
θe
iβ
iα
Figure 5.4: Inverse-Park transform axis
The Vα and Vβ components are calculated with:
iα = id cos θe − iq sin θe (5.5)
i β = −id sin θe + iq cos θe (5.6)
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 5. CLOSED-LOOP SYSTEM INTEGRATION 93
5.4.4 Decoupling
In field-oriented control the rotor-field component id and torque producing component iq
need to be controlled independently [35]. The electrical machine model in (5.7) and (5.8)
clearly shows that the direct-voltage component (Vd) and quadrature-voltage component
(Vq) are coupled [35].
Vd = Rid + Ld
did
dt
− ωeLq iq (5.7)
Vq = Riq + Lq
diq
dt
+ ωeLd id + ωeλm (5.8)
The coupling term ωeLd id in the direct-voltage component equation is dependent on the
rotor speed ωe , quadrature-stator inductance Ld and the quadrature-current component
iq . Since the direct-current component id is forced to zero, only the coupled component
ωeLq iq in the direct-voltage equation needs to be considered.
5.4.5 Space vector pulse-width modulation
Space vector pulse-width modulation (SVPWM) is a voltage-control scheme that converts
a voltage vector from a two-axis stationary reference frame to a three-axis stationary
reference frame. Figure 5.5 shows a circuit diagram of the three-phase bridge connected
to a PMSM [36].
Q4 Q5 Q6
Q1 Q2 Q3
48 V
isupply
ifreewheeling
PWMA−h PWMB−h PWMC−h
PWMA−l PWMB−l PWMC−l
RA RB RC
VlowA VlowB VlowC
VmidA VmidB VmidC
iphase A iphase A
Phase A
iphase B Phase B
iphase C Phase C
Three phase bridge
IDRFPMSM
Figure 5.5: Three-phase MOSFET bridge connected to PMSM
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Each of the three phases contains a high-side switch and a low-side switch. At any time
in each phase one of the two switches is switch on while the other is switched off. There
are eight possible switching combinations, as shown in Table 5.1 [36].
Table 5.1: Three-phase bridge switching combinations
State Conducting MOSFET
000 Q4,Q5,Q6
001 Q4,Q5,Q3
010 Q4,Q2,Q6
011 Q4,Q2,Q3
100 Q1,Q5,Q6
101 Q1,Q5,Q3
110 Q1,Q2,Q6
111 Q1,Q2,Q3
Figure 5.6 shows the two sets of axes used in the conversion from the two-axis station-
ary reference frame (αβ-plane) to the three-axis stationary reference frame (abc-plane).
Please note that in combination (111) with all the high-side switches on and in combina-
tion (000) with all the low-side switches on, the machine terminals are shorted together
and no current is flowing from the power supply. These two states are known as ”null”
states and are used to control the voltage vector magnitude Vr e f . The other six states
divide the electrical rotation up into six 60◦ segments, as shown in Figure 5.6. The vector
angle θe in a specific sector is controlled by the duty-cycle ratio of the two legs (states)
adjacent to that sector [36].
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Vα
Va
VβVb
Vc
VrefTref
θe V1T1
V2T2V3T3
V4T4
V5T5 V6T6
Sector I
Sector II
Sector III
Sector IV
SectorV
SectorVI
Figure 5.6: Two sets of axes used for PWM conversion
Sector I derivation
Figure 5.7 shows the two sets of axes used to do the PWM conversion in sector I.
Vα
Va
VβVb
Vc
VrefTref
θe V1T1
V2T2V3T3
V4T4
V5T5 V6T6
Sector I
Sector II
Sector III
Sector IV
SectorV
SectorVI
Figure 5.7: Two sets of axes used for PWM conversion with sector I
The voltage equation on the α-axis consists of:
V1T1 +V2T2 cos 60◦ = VrefTref cos θe (5.9)
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The voltage equation on the β-axis consists of:
V2T2 sin 60◦ = VrefTref sin θe (5.10)
The relation between times T1 and T2 determines the angle θe . Times T1 and T2 are
calculated from (5.9) and (5.10) as:
T2 =
2VrefTref sin θe√
3V2
= TP
2Vref sin θe√
3Vpower supply
(5.11)
T1 =
VrefTref cos θe − 12V2T2
V1
=
2VrefTref√
3V1
(√
3
2
cos θe−1
2
sin θe
)
=
2VrefTP√
3Vpower supply
sin(60◦−θe )
(5.12)
Time T0 determines the magnitude of the voltage vector calculated with:
T0 = TP −T1 −T2 (5.13)
where TP is half of the PWM period as shown in Figure 5.8. Figure 5.8 shows the
alignment of the PWM signals on the three machine phases. The PWM signals are
aligned at the centre of the on-state as shown in Figure 5.8. The phase currents are
measured at the centre of the PWM on-state where ringing is at a minimum.
Figure 5.8: Three phase PWM waveform in sector I
With the graphs shown in Figure 5.8 the PWM duty-cycle at the three phases is calculated
as:
DA =
T1 +T2 + T02
TP
(5.14)
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DB =
T2 + T02
TP
(5.15)
DC =
T0
2
TP
(5.16)
where DA, DB and DC are the PWM duty-cycle of the three phases respectively. The
derivation of the other five sectors is a repeat of the process presented in Sector I and are
therefore not shown.
5.4.6 Sequential PI control system design
PI control system overview
Figure 5.9 shows a block diagram of the sequential PI controller, PMSM and the speed-
measurement filter. The control system uses an inner current loop that controls the
generated torque and an outside speed loop that controls the speed of the machine.
Speed loop
PI controller
ωe−ref
iq−ref
id−ref=0
Current loop
PI controller Vq−new
Vd−new
PMSM
iq−current
id−current ωe
Speed filter
ωe−filtered
Figure 5.9: Sequential PI controller block diagram
Current-loop design
Figure 5.10 shows a block diagram of a PI controller. The KP term represents the
proportional gain and the KI term represents the integral term [37].
∑Commanded value
+
Feedback value
−
KP
+∑
KI
∫ +
Output
Figure 5.10: PI controller block diagram
Figure 5.11 shows the frequency response of a PI controller. As shown in Figure 5.11, the
proportional gain term KP specifies the higher frequency gain and the integral gain term
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KI specifies the low-frequency gain. A particular point of interest is the inflection point,
as shown in Figure 5.11. The inflection-point position is determined by the location of
controller zero [37]. The design goal is to cancel the machine pole in (5.20) with the
controller zero in (5.19).
Figure 5.11: PI controller frequency response [37]
We will be working with the PI controller series topology as shown in Figure 5.12. Series
gain term Ka sets the gain at all frequencies. Term Kb specifies the inflection-point (zero)
location [37]. The relation between the series-topology gain terms (Ka and Kb ) and the
parallel-topology gain terms (KP and KI ) are:
Ka = KP (5.17)
Kb =
KI
KP
(5.18)
Figure 5.12 shows a block diagram of the current-loop PI controller and the PMSM
electrical model.
∑iref−d|q
+ Ka Kb
∫ + ∑ Vstator−d|q+
−
+
−
+
+
R
−
+
L
−
+
e
−
− id|q
Figure 5.12: PI controller series topology and PMSM electrical model
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The open-loop PI controller transfer function is described by:
P I (s) = KI
s
+ KP =
Ka(Kb + s)
s
(5.19)
The electrical machine model voltage-to-current transfer function is described by:
I (s)
V (s) =
1
R
1 + LR s
(5.20)
The open-loop gain is described by:
Gopen-loop(s) = P I (s) ·
I (s)
V (s) =
Ka(Kb + s)
s
·
1
R
1 + LR s
(5.21)
The closed-loop gain is calculated with (assuming unity feedback gain) [37]:
Gclosed-loop(s) =
Gopen-loop(s)
Gopen-loop(s) + 1
=
1 + sKb
L
KaKb
s2 +
(
R
KaKb
+ 1Kb
)
s + 1
(5.22)
The current-loop should have an over-damped response, the implication is that the closed-
loop system should therefore have only real poles [37]. The denominator in equation (5.22)
is factored out with real numbers A and B in:
L
KaKb
s2 +
(
R
KaKb
+
1
Kb
)
s + 1 = (As + 1)(Bs + 1) = ABs2 + (A + B)s + 1 (5.23)
The same powers of ”s” are compared. In order to achieve real poles, the following two
conditions should apply [37]:
L
KaKb
= A × B (5.24)
and
R
KaKb
+
1
Kb
= A + B (5.25)
By simply equating the terms in (5.25) on both sides and by substituting A and B into
(5.24), the inflection position (position of controller’s zero) is calculated by:
Kb =
R
L
(5.26)
By placing the zero of the controller on top of the motor pole the effect of the motor
electrical pole is suppressed and the current loop will have a single-pole low-pass response.
The closed-loop equation is simplified to:
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Gclosed-loop(s) =
(
1 + sKb
)
(
1 + RKaKb
s
) (
1 + sKb
) = 1(
1 + RKaKb
s
) = 1
1 + LKa s
(5.27)
Inspection of (5.27) shows that the current-loop bandwidth BWCL can be set by choosing
the controller gain Ka as [37]:
Ka = L · BWCL (5.28)
The closed-loop equation can now be rewritten as:
Gclosed-loop(s) =
1
1 + LKa s
=
1
1 + 1BWCL s
=
BWCL
BWCL + s
(5.29)
Speed-loop design
Figure 5.13 shows a diagram of the entire closed-loop system. The speed loop consists
of the speed controller, current loop, velocity sensor, motor current-to-torque conversion
and motor torque-to-rotor-speed conversion [37].
Speed loop
PI controller
ωe−ref
iq−ref
id−ref=0
Current loop
PI controller Vq−new
Vd−new
PMSM
iq−current
id−current ωe
Speed filter
ωe−filtered
Figure 5.13: Speed-loop diagram
The rotor speed can be obtained from the discrete approximate differential of the rotor
position ωe ≈ δθeδ t .
By increasing the sampling window size the measurement accuracy is increased but the
low-pass filter bandwidth is reduced and visa versa. The low-pass filter transfer function
with cut-off frequency ωc is described by [37]:
GFilter(s) =
ωc
s + ωc
(5.30)
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The current-loop transfer function is described by [37]:
GCurrent-loop(s) =
1
L
Ka s + 1
(5.31)
The transfer function between q-axis current and generated mechanical torque of a non-
salient pole PMSM is described by [37]:
Tm(s)
iq (s) =
3
2
P λm (5.32)
where P is the number of pole pairs and λm is the rotor flux magnitude.
The transfer function between the generated mechanical torque and electrical rotor speed
is described by [37]:
ωe (s)
Tm(s) =
P
J s + B f
(5.33)
where J is the moment-of-inertia and B f is the friction coefficient of the system (system
consisting of both machine and load).
Figure 5.14 shows a diagram of the complete speed loop.
∑ωe−ref
+ Kc Kd
∫ + ∑ iq−ref+
Current-loop
id−ref=0
Vd|q
PMSM
id|q
Speed filter
−
ωe−filtered
ωe
Figure 5.14: Speed-loop PI controller
The total open-loop transfer function of the speed loop consisting of the speed-controller,
current-loop, speed-filter, current-to-torque transfer function and torque-to-rotor-speed
transfer function is:
Gopen-loop =
(
Kc (Kd + s)
s
) (
1
L
Ka s + 1
) (
3
2
P λm
) (
P
J s + B f
) (
ωc
s + ωc
)
(5.34)
The derivation is simplified by assuming that the friction coefficient is negligible. The
effect of the speed-filter pole will also be considered later in the derivation. The constant
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terms are combined into the variable KK = 3P
2λm
2J . The open-loop transfer function is
rewritten as:
Gopen-loop =
KKKcKd
(
1 + sKd
)
s2
(
1 + LKa s
) (5.35)
By inspection of (5.35) it is clear that there are two poles at s = 0 causing an attenuation
rate of 40 dB/dec ade at low frequencies. The current-loop pole is positioned at s = KaL .
In order for stable operation the speed controller zero Kd should be placed at a lower
frequency than the current-loop pole to establish an acceptable phase margin. Figure 5.15
shows a Bode plot of the open-loop system [37]. Please take note of the speed controller
zero and the current-loop pole. The phase shift at the 0 dB frequency crossing determines
the stability of the system. In order to achieve the maximum phase margin from the lead
network, the 0dB frequency should occur at the geometric mean between the pole of the
current loop and zero of the speed controller (halfway between the current-loop pole and
the speed-controller zero on the logarithmic scale) [37]. This is arithmetically expressed
by:
ω0 dB = ζ × ωspeed-loop zero (5.36)
and
ωcurrent-loop pole = ζ × ω0 dB (5.37)
where ζ is the damping factor. Equation (5.37) is substituted in (5.36) to deliver:
ωcurrent-loop pole = ζ
2 × ωspeed-loop zero (5.38)
Since the current-loop pole is already defined, the speed-controller zero can be calculated
with:
Kd =
Ka
ζ 2L
(5.39)
If a speed filter is used, the speed filter pole would be much slower than the current-loop
pole. The speed-controller would rather be designed with the speed filter pole than with
the current-loop pole. Equation 5.39 is rewritten to a generic form in 5.40 where ωfilter
is the speed filter cut-off frequency.
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Kd =
ωfilter
ζ 2
(5.40)
Figure 5.15: Bode plot of open-loop system [37]
The position of the speed controller zero determines both the speed-loop bandwidth
and the speed-loop stability. The speed-controller zero is positioned by selecting an
appropriate damping factor ζ . The choice of damping factor could either favour the
speed-loop bandwidth or the speed-loop stability.
The magnitude at ω0 dB should be unity, therefore from (5.35):
KKKcKd
(
1 + sKd
)
s2
(
1 + LKa s
) 
s= jζKd
= 1 (5.41)
the appropriate substitution is made and (5.41) is rewritten as:
ζKKKc
ζ 2
(
Kc
ζ2L
) = 1 (5.42)
Equation (5.42) is rewritten in terms of speed-loop gain term Kc :
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Kc =
ζKd
KK
=
ζKd2J
3P 2λm
(5.43)
5.4.7 Motor current observer
There are many different types of sensorless rotor-position estimation methods used in
the industry, as discussed in Chapter 1. The most popular of these are BEMF estimation
methods. BEMF estimation methods are simple to implement but can only be used
above 10 % of the rated speed of the machine where the generated BEMF voltage signal
has a usable magnitude [5]. Forced commutation is regularly used to spin the rotor from
standstill up to the minimum speed required by the sensorless position estimation method
(generally 10 % of the rated speed)[38]. As the IDRFPMSM is an ironless non-salient pole
machine, only BEMF position estimation techniques can be used for sensorless position
estimation.
Motor current observers require only a phase-resistance parameter and a phase-inductance
parameter to estimate rotor position. A sliding mode observer was implemented to esti-
mate the phase current. The observer estimates first the generated BEMF voltage in the
αβ-plane which in turn is then used to calculate the rotor position. The electrical ma-
chine equation is now used to calculate the estimated phase current from the estimated
BEMF voltage. The estimated phase current is compared with the measured current and
the difference is again used to correct the BEMF estimation error [39].
The electrical machine model equation used by the current observer is derived firstly.
Figure 5.16 shows the electrical PMSM model where Vs , es and i s are generic terms
for the input voltage, BEMF voltage and stator current respectively. Terms R and L
represents the phase resistance and phase inductance [39].
−
+
−
Vs
+
is
R
L
+
es
−
Figure 5.16: PMSM electrical model
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The relationship between the input voltage Vs and stator current i s is described by [39]:
Vs = Ri s + L
di s
dt
+ es (5.44)
The machine equation in (5.44) is rewritten as:
di s
dt
= −R
L
i s +
1
L
(Vs − es ) (5.45)
Equation (5.45) is converted to the digital domain into (5.46) with control period Ts [39]:
i s (n + 1) − i s (n)
Ts
= −R
L
i s (n) + 1L (Vs (n) − es (n)) (5.46)
and rewritten in terms of i s (n + 1) as:
i s (n + 1) =
(
1 − RTs
L
)
i s (n) + TsL (Vs (n) − es (n)) (5.47)
Define gain parameters as F =
(
1 − RTsL
)
and G = TsL . The electrical machine equation in
(5.47) is rewritten as [39]:
i s (n + 1) = F i s (n) +G(Vs (n) − es (n)) (5.48)
Figure 5.17 shows a block diagram of the current observer process. As explained earlier,
the current observer is implemented in the αβ-plane. This process is therefore imple-
mented for both the α-plane and the β-plane so the BEMF is calculated in both planes.
The shaded block represents the PMSM. The equation in the machine model block de-
scribes the electric behaviour of the machine. The next state of the estimated stator
current is(estimate) is calculated with (5.48). The estimated stator current is now com-
pared with the measured stator current. The current estimation error ierror is in turn
used to correct the BEMF estimation error. If the current estimation error is within a
predefined range, the correction factor Z operates in its linear range calculated by:
Z =
Kslideierror
SMCMax error
(5.49)
where Kslide is the SMC gain, ierror is the estimated current error and SMCMax error is
the maximum SMC error. If the current estimator error is outside a predefined range the
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correction factor is clamped at Z = Kslide to prevent unstable behaviour. The correction
factor Z is in turn used to amend the estimated BEMF value eestimate.
Figure 5.17: Current-observer block diagram [39]
Figure 19 illustrates the process of calculating the estimated BEMF es and rotor position
θe from the correction factor Z . The estimated BEMF es is calculated by filtering the
correction factor Z . The estimated BEMF in turn is filtered again and the rotor position
θe is calculated from the α and the β components as described by:
θestimate = arctan
eα(estimate)
e β(estimate)
(5.50)
Figure 5.18: Process of calculating estimated BEMF and rotor angle from correction factor [39]
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Figure 20 illustrates the relationship between the BEMF α-component eα, the BEMF
β-component e β and the calculated rotor angle θe . As shown in Figure 20, a reliable
rotor-angle estimation can be calculated from the BEMF components.
Figure 5.19: Relationship between BEMF components and rotor electrical angle [39]
Each low-pass filter causes a phase shift that is dependent on filter cut-off frequency and
the signal frequency. Adaptive low-pass filters are used with the BEMF estimation and
angle estimation. The adaptive filter cut-off frequency is changed to be the same as the
phase-current frequency. This ensures that each adaptive filter causes a 45◦ phase shift.
Equation (5.51) shows the adaptive filter used to calculate the estimated BEMF values
ee s t imat e (n) where fc is the phase current frequency and fpwm is the PWM switching
frequency.
eestimate(n) =
1
1 +
2pi fc
fpwm
(
eestimate(n − 1) +
2pi fc
fpwm
Z(n)
)
(5.51)
The two adaptive low-pass filters produce a phase shift of 90◦. This 90◦ phase shift can
be compensated for in the rotor-position calculation.
5.4.8 Forced-spinning commutation
Estimators that use generated BEMF to determine rotor position require a BEMF signal
of sufficient magnitude. This means that BEMF estimators cannot be used to determine
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rotor position below 10 % of the rated speed [5]. Open-loop forced-spinning commutation
is generally used to accelerate the rotor to a speed above 10 % of the rated speed. When
the rotor speed is above the minimum speed required by the BEMF estimator, the closed-
loop system takes over, using the estimated rotor position. Figure 5.20 shows a start-up
sequence used with trapezoidal control [38]. Please take note of the purple phase-current
graph. During the first two thirds of the current graph, the system uses open-loop
forced-spinning commutation to speed-up the rotor. During the forced-commutation
stage the rotor position is unknown. As shown in Figure 5.20, a much larger than needed
phase current is used during forced commutation to ensure that the angle between the
stator field and the rotor never exceeds 90◦ otherwise the system and the machine would
loose synchronism. Once the minimum BEMF estimator speed is reached, the system
transition-to-closed-loop control mode and the phase current is significantly reduced, as
shown in the last third of the current graph in Figure 5.20 [38].
Figure 5.20: Trapezoidal-control start-up sequence with a trapezoidal controlled machine [38]
5.5 Embedded design
5.5.1 Embedded-system overview
Main loop
Figure 5.21 shows the main-loop flow diagram of the embedded system. At initial power-
on all relevant system and peripheral registers are configured. The main loop then con-
tinues into an infinite loop that constantly poles external sensors for the latest angle
information.
Figure 5.21: Main-loop flow diagram
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System initialisation
Figure 22 shows the system initialisation flow diagram. The internal oscillator and phase-
lock loop is configured to generate a system clock of 90 MHz. The relevant input and
output pins are configured followed by three enhanced pulse-width modulation modules
(PWM-module). The PWM-modules are configured to generate a 50 kHz signal giving
it a 10-bit resolution. The phase-B and phase-C PWM signals are synchronised with
the phase-A PWM signal. The 12-bit analogue-to-digital converter (ADC) is configured
to trigger when it is in the centre of the phase-A PWM on-state. Once triggered ADC
measurements are taken and the ADC service routine is called. Next the SPI module is
configured followed by the enhanced-capture (E-Cap) module.
Figure 5.22: System initialisation flow diagram
ADC interrupt service routine
The ADC sampling and conversion process is triggered at the on-state centre of every third
phase-A PWM signal. Once the ADC conversion completes, the ADC interrupt service
routine is triggered. The entire embedded system functions within this ACD service
routine. Figure 5.23 shows the ADC service routine flow diagram. When this service
routine is called, the phase current, machine terminal voltage levels, bus voltage level
and the speed reference level (user settable potentiometer) is calculated. The results are
checked for overvoltage and overcurrent conditions. Should any occur, the system enters
a trip state and the rotor freewheels to a standstill.
After microcontroller initialisation at initial power-on, the machine parameters are iden-
tified by the open-loop parameter estimation system presented in Chapter 3. The system
therefore first enters the open-loop parameter estimation state (red) and once the machine
is identified, continues with normal operation (blue).
As explained in Chapter 3: At the beginning of the open-loop parameter estimation
state, the rotor is moved to a 0◦ electrical angle by applying a 0◦ electrical stator field
for a predefined time period. This time period is long enough to allow the rotor to
realign with 0◦ electrical and any oscillation to subside. Once oscillation has subsided
a phase-resistance measurement is made. Now that the rotor is positioned at a known
angle of 0◦ electrical, the stator field is quickly moved (jumped) to the 30◦ electrical angle
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and the phase-A current is measured at specific locations during the oscillation. These
measurements are used to calculate the BEMF-constant, friction-coefficient and moment-
of-inertia of the machine, as explained in Chapter 3. Once the oscillation subsides, the
charged (unknown) phase inductance is discharged through the (known) phase resistance
and the time taken to discharge the inductor current to 33 % of its original value is used
to calculate the inductance value. The system will now continue to normal operation
(blue) till a trip condition is encountered.
During normal operation the phase current, terminal voltages, bus voltage and speed ref-
erence values are calculated and trip conditions are checked. Then the current observer
algorithm is implemented to estimate rotor position. The closed-loop parameter esti-
mation method presented in Chapter 3 is now used to refine and update the machine’s
parameter model. This ensures optimal control despite changing machine parameters.
Next the Clarke transform converts the three-axis stationary reference-frame (abc) cur-
rent measurements to two-axis stationary reference-frame (αβ) representation. The Park
transform converts the two-axis stationary reference-frame (αβ) current measurements to
two-axis rotating reference-frame (dq) components where the quadrature-component rep-
resents the usable torque generated by the machine. A control system is implemented in
the dq-reference frame to set the required quadrature-voltage component and to zero the
direct-voltage component thereby minimising driving losses. The output of the control
system is converted from a two-axis rotating reference frame (dq) to a two-axis sta-
tionary reference frame (αβ) with the inverse-Park transform. The Space Vector PWM
(SVPWM) algorithm calculates the duty-cycle values for the three PWM phases. The
PWM control registers are then updated and the service routing is exited.
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Figure 5.23: ADC service-routine flow diagram
5.5.2 Embedded-system components
As both the open-loop parameter estimation system and the closed-loop parameter es-
timation system have been discussed in depth in Chapter 3, it will not be covered in
this chapter again. The Clarke transform, Park transform, Inverse-Park transform and
SVPWM components are implemented exactly as explained in the literature section.
Sensorless rotor-position estimation
The MSF position sensor discussed in Chapter 2 was used as angle reference in the
firmware development. This project focuses on sensorless control of permanent-magnet
synchronous machines. A current observer is used to estimate the rotor position without
a sensor.
Figure 5.24 shows the current-observer block diagram.
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Figure 5.24: Current-observer block diagram [39]
The IDRFPMSM has a phase resistance of 0.2Ω and a phase inductance of 147 µH. The
control loop is called on every third cycle of the 50 kHz PWM gate signal, therefore
Ts = 60 µsec . Estimator-gain parameters F and G were calculated with:
F = 1 − RTs
L
= 0.0816 (5.52)
F =
Ts
L
= 0.4082 (5.53)
The electrical model of the IDRFPMSM was used to describe the machine equation:
i s (n + 1) = 0.0816i s (n) + 0.4082(Vs (n) − es (n)) (5.54)
The adaptive filter equation used to calculate the estimated BEMF is described by:
eestimate(n) =
1
1 + 0.00377 fc
(eestimate(n − 1) + 0.00377 fcZ(n)) (5.55)
The SMC gain Kslide is described by:
Kslide =
2pi fc
fpwm
= 2pi fcTs = 0.00377 (5.56)
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Control-system design
As a first approach to control-system design, it could be assumed that the drive train
consists of only the IDRFPMSM. The drive-train parameters are:
Table 5.2: IDRFPMSM parameters
Parameter Symbol Value
Phase resistance R 0.2Ω
Phase inductance L 143 µH
Rotor flux magnitude λm 0.0452
V ·sec
r ad
Friction coefficient B f 0.0395 N ·m·secr ad
Moment of inertia J 0.1396 N ·m·sec2r ad
Pole pairs P 14
Rated speed 300 r pm
Figure 5.25 shows a block diagram of the current-loop PI controller.
∑iref−d|q
+ Ka Kb
∫ + ∑ Vstator−d|q+
−
+
−
+
+
R
−
+
L
−
+
e
−
− id|q
Figure 5.25: PI controller series topology and PMSM electrical model
The current-controller zero is placed on top of the electrical PMSM pole by calculating
the inflection point with:
Kb =
R
L
= 1399 (5.57)
The 14 pole pair IDRFPMSM has a rated mechanical speed of 300 rpm. The maximum
phase-current frequency is calculated at 70 Hz or electric angular velocity of 440 rad/sec.
A current-loop bandwidth three times higher than the maximum electrical angular ve-
locity is chosen at 1257 rad/sec. The current-loop gain term is therefore calculated with:
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Ka = L · BWCL = 0.1797 (5.58)
The series PI controller parameters is converted to the parallel configuration with:
KP = Ka = 0.1797 (5.59)
KI = KPKb = 251 (5.60)
Let us choose a damping factor of ζ = 25 which would favour system stability over
bandwidth. The speed-loop zero is placed at:
Kd =
ω f il t e r
ζ 2
= 0.3016 (5.61)
The speed-loop gain is calculated with:
Kc =
ζKd
KK
=
2ζKd J
3P 2λm
= 0.0792 (5.62)
The series PI controller parameters are converted to the parallel configuration with:
KP−spd = Kc = 0.0792 (5.63)
and
KI−spd = KPKd = 0.0239 (5.64)
Analyse current-loop sensitivity to resistance mismatch
At a room temperature of 20 ◦C the IDRFPMSM has a stator-phase resistance of 0.2Ω.
However, the stator resistance changes with a change in coil temperature, as described
by [40]:
Rnew = Rroom(1 + α(Tnew −Troom)) (5.65)
where Rnew is the changed coil resistance, Rroom is the coil resistance at room tem-
perature, Tnew is the changed coil temperature, Troom is room temperature and α is
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the temperature coefficient of the copper coil (the temperature coefficient of copper is
0.004041) [40]. If the coil temperature rises or falls with 100 ◦C, the stator resistance will
change with 81 mΩ. Figure 5.26 shows a step-response simulation with a current-loop
designed for a machine with a 0.2Ω coil resistance and 147 µH coil inductance. The
blue curve in Figure 5.26 shows a current-loop step response with the machine at room
temperature having a coil resistance of 0.2Ω. The blue curve shows that the current-loop
has a bandwidth of 200 Hz with the machine at room temperature. The red curve shows
a current-loop step response with the machine coils 100 ◦C cooler than it was originally
designed for. The lower coil resistance of 0.119Ω causes the current loop to have an
underdamped response with 6 % overshoot. The green curve shows a current-loop step
response with the machine coils 100 ◦C warmer than originally designed for. The higher
coil temperature will cause the current loop to have an even heavier damped response
than at room temperature. This simulation shows that an extreme stator-coil tempera-
ture change of 100 ◦C will have little influence on the overall system performance. For
this reason the online parameter estimator is not used to update the phase-resistance
parameter.
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Figure 5.26: Current-loop step response with changing coil temperature (resistance)
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Analyse speed-loop sensitivity to parameter mismatch
Figure 5.27 investigates the speed-loop sensitivity to mechanical parameter mismatch.
The black curve shows the step response of the speed loop with the correct mechanical
load. The blue curve and the magenta curve show that if the moment-of-inertia is doubled
or the friction coefficient is halved, the speed-loop will have an under-damped response.
The cyan curve and the red curve show that if the moment-of-inertia is halved or the
friction coefficient is doubled, the speed-loop will have an over-damped response.
This simulation proves that the 50 % measurement error that can be expected with the
open-loop parameter measurement technique will not cause speed-loop instability.
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Figure 5.27: Simulation of speed-loop sensitivity to parameter mismatch
Start-up sequence with sensorless system
The minimum speed at which the BEMF estimator can make reliable rotor-position
estimates depends on the ability of the system to distinguish between the BEMF signal
and the noise. The second inverter developed for this project has exceptionally low
noise levels and as a result the current observer implemented in this project delivers
reliably rotor-position estimates at speeds below a thirtieth of the machine’s rated speeds.
Figure 5.28 shows a graphic representation of the regions of operation over the rotational
speed range. The system transitions from open-loop operation to closed-loop operation
when the rotor speed increases above 15 rpm. The system transitions back in open-loop
operation when the rotor speed drops below 10 rpm. A transitioning hysteresis band is
situated between 10 rpm and 15 rpm. It is worth mentioning that an inaccurate machine
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model (due to coil heating) combined with high torque delivered (high stator current)
could raise the minimum speed limit of the BEMF estimator.
Open-loop
forced spinning
commutation
30010 15
H
ys
te
re
sis
ba
nd
Speed [rpm]
Closed-loop operation with estimated rotor angle
Figure 5.28: Regions of operation over rotational speed range
5.6 Integrated system closed-loop measured results
Figure 5.29 shows a picture of the inverter PCB connected to the IDRFPMSM. The speed
reference is set with the speed-reference potentiometer, as shown in Figure 5.29.
Figure 5.29: Picture showing inverter PCB connected to the IDRFPMSM
Figure 5.30 shows the measured phase-A current during the open-loop parameter iden-
tification procedure and the sensorless start-up sequence of the machine. The system is
switched off during the first 1.5 seconds, as shown in Figure 5.30. Once the system is
switched on, a 0 ◦ stator field is applied for 5 seconds, to allow the rotor to align with
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the 0 ◦ stator field and any oscillation to subside. At the 6.5 seconds mark the phase
resistance is measured and the stator field is shifted to the 30 ◦ electrical angle. The
rotor now oscillates around the 30 ◦ electrical angle mark, creating the distinctive current
pattern that is analysed to estimate the flux magnitude, friction coefficient and moment-
of-inertia, as was introduced in Chapter 3. After the oscillation settled at 11.5 seconds,
the phase inductance is measured with the inductor-discharge test and the system con-
tinues to operate normally.
At this point the rotor is at standstill and the system operates in open-loop mode. The
user-defined speed reference is now increased and the rotor is accelerated with forced-
spinning commutation. At 19 seconds in Figure 5.30 the rotor speed is above 15 rpm and
the system transitions to closed-loop mode using the estimated rotor angle.
The system stays in closed-loop mode until the speed drops below 10 rpm where the
system transitions to open-loop forced-spinning commutation again.
Please note the sizable difference of the current during open-loop forced-spinning commu-
tation and closed-loop operation. The rotor position is unknown during forced-spinning
commutation. A current magnitude far greater than what is needed in closed-loop op-
eration is applied to ensure that synchronism is not lost. During closed-loop operation
the rotor position is known, therefore the exact amount of quadrature-axis current can
be applied to keep the machine spinning at the required speed.
Figure 5.31 shows a speed-loop step response test. During this test the rotor was originally
rotating in closed-loop operation at 29.7 rpm. A step-response input was given and the
rotor was accelerated to 66.8 rpm in 8 seconds. Then a deceleration test and another
acceleration test were performed.
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Figure 5.30: Phase-A current measurement during open-loop parameter identification and start-
up sequence
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Figure 5.31: Speed-loop step-response test
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Figure 5.32a shows the test-bench setup used during the energy-transfer step-response
tests. This test-bench setup consists of an electric drill, IDRFPMSM, inverter PCB,
PWM voltage clamp PCB, resistor bank and a power supply. The electric drill was used
to drive the IDRFPMSM during the generator test. The electric drill was also used as
mechanical load during the motor test. The power supply cannot sink any regenerated
energy. A PWM voltage clamp was developed to dissipate the regenerated energy in the
resistor bank.
Figure 5.32: Test-bench setup for energy-transfer step-response tests
Figure 5.32b shows the IDRFPMSM-rotor spinning at 50 rpm during the energy-transfer
step-response test while the IDRFPMSM is operating as a motor. The electric drill is
used as mechanical load in this test.
Figure 5.33 shows the rotor speed, quadrature current and generated torque during the
energy-transfer step-response test while the IDRFPMSM is operating as a motor. In
this test the IDRFPMSM-rotor is spinning in steady state at 50 rpm. At the 30 second
instant a mechanical loading (electric drill) was applied causing the speed to dip at 30
seconds. The control system quickly increases the developed torque causing the rotor
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 5. CLOSED-LOOP SYSTEM INTEGRATION 121
speed to increase and to settle at 50 rpm once again. When the load was removed at the
49 seconds instant there was a momentary rotor-speed overshoot and the control system
adjusted the developed torque so that the rotor speed once again settled at 50 rpm.
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Figure 5.33: Speed-loop impulse-response during motor operation
Figure 5.34 shows the rotor speed, quadrature current and generated torque during the
energy-transfer step-response test while the IDRFPMSM is operating as a generator.
During the first 20 seconds the IDRFPMSM-rotor is spinning in steady state at 50 rpm.
At the 20 second time instant the torque developed by the electric drill is increased causing
a speed overshoot. The control system compensates by increasing the regenerative torque
and the rotor speed settles at 50 rpm once again. At the 44 second mark the torque
developed by the electric drill is reduced causing the speed to dip. The control system
compensates by reducing the regenerative torque and the rotor speed settles at 50 rpm
once again.
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Figure 5.34: Speed-loop impulse-response during generator operation
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Conclusion
This study investigated sensorless control of a new type of ironless non-salient pole
permanent-magnet synchronous machine (IDRFPMSM) for electric vehicle and wind-
turbine generator applications. Different motor-control topologies and sensorless rotor-
position estimation techniques were investigated. Due to the ironless non-salient pole
nature of this machine and adding rotor position sensor elements are not an option, only
BEMF rotor-position estimation techniques can be used. A current observer was used to
implement the sensorless rotor-position estimation technique.
BEMF rotor-position estimation can only be used above a certain minimum speed. The
current observer implemented in this project could reliably estimate rotor position at
speeds as low as a thirtieth of the rated speed of the machine. This sensorless rotor-
position estimation method is therefore ideal for wind-turbine generator applications.
Electric vehicle applications require torque from rotor standstill. As the current observer
can only estimate rotor angle above a minimum speed, an alternative method was im-
plemented in the low-speed range. The absence of rotor position sensors were overcome
by using forced-spinning commutation to accelerate the rotor from standstill up to the
minimum speed required by the current observer. In applications where efficiency at low
speed is important but commercial position sensors cannot be used, a magnetic stray
field position sensor is implemented.
Chapter 2 introduced a sensor that uses the magnetic stray fields behind the Halbach
permanent-magnet array to calculate rotor position. By using a finite element magnetic
field simulation technique, two distance regions behind the Halbach permanent-magnet
array were identified with simulation. Measured results show the MSF-sensor provide
a 10 ◦ electrical accuracy in the close-field region and a 15 ◦ electrical accuracy in the
123
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far-field region. The rotor-angle measurement linearity synthesized from magnetic stray
fields can be improved with the use of an estimator such as a Kalman filter.
The current observer requires accurate phase-resistance and phase-inductance parameters
during rotor position estimation. The control system furthermore requires accurate phase-
resistance, phase-inductance and moment-of-inertia parameters. All of these parameters
need to be identified before closed-loop operation can be reliably attempted. Chapter
3 presents an open-loop parameter estimation technique that identifies all five machine
parameters at system start-up during open-loop operation. Once the system is operating
in closed loop, an online-parameter estimator will continue to monitor the mechanical
parameters and update the system accordingly.
Two inverter versions were developed during this project. The first version of the inverter
was to show proof of concept. With the development of the second version of the inverter
the noise and ringing were reduced to such a level that a minimal ringing-overshoot of
6.1 % was measured with fast switching times of 25 nsec. The fast switching times and
low MOSFET on-state resistance allowed for a maximum measured inverter efficiency of
98.77 %.
A sequential proportional-integral (PI) controller consisting of an inner current (torque)
loop and an outer speed loop was implemented. The system was successfully tested
in both motor and generator application. Reliable closed-loop sensorless control was
recorded between 10 rpm and 300 rpm.
To demonstrate a strictly sensorless application, open-loop forced-spinning commutation
is used to accelerate the rotor from standstill to 15 rpm where the system switches over to
sensorless closed-loop operation. Should efficiency be important in the low-speed range,
the MSF-sensor is used to measure the rotor angle below 15 rpm to allow for efficient
closed-loop operation from standstill.
This study shows that the IDRFPMSM can be used for sensorless generator and motor
applications.
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